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ABSTRACT 
 
Water splitting and fuel cells are considered the most important energy storage and 
conversion technologies and have attracted tremendous attention. However, the 
widely commercial applications of these technologies are hindered by the low 
catalytic activity and durability of catalysts. CNTs have been extensively applied as 
catalysts or supports to develop catalysts with enhanced activity and durability for 
their unique properties such as large specific surface area, excellent chemical and 
mechanical properties and high electrical conductivity. The overall objective of this 
thesis is to develop high active, durable CNTs based catalysts. And this thesis 
includes two parts: part 1 focuses on CNTs and their hybrids for water splitting 
especially on the most difficult half reaction-OER, and part 2 concentrates on 
developing PtRu-CNTs catalysts for fuel cell applications. 
Part 1  
The electrochemical properties of the CNTs were investigated in the first part of this 
thesis. Pristine CNTs composed of between 2-7 concentric tubes and an outer 
diameter of 2-5 nm have been demonstrated of  outstanding catalytic activity for the 
OER in alkaline solution as compared with single-walled and multi-walled CNTs 
(SWNTs & MWNTs), and they also show better activity for HER and OER. One 
hypothesis is that for the OER, HER and ORR on CNTs with specific number of 
walls, efficient electron transfer occurs through electron tunneling between outer 
walls and inner tubes, which significantly promotes the charge transfer reaction of 
OER, HER and ORR at the surface of outer wall of the CNTs. For SWNTs, such 
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separation of functionality for OER, HER and ORR is not possible, while effective 
separation or dual functionality of the CNTs diminishes as the increase of number of 
walls due to the reduced driven force such as dc bias or photo activated electron 
follow across the walls or layers of MWNTs. 
The mechanism and kinetics for OER on CNTs were studied. The electrocatalytic 
activities of CNTs show distinctive volcano-type dependence on the number of 
concentric tubes or walls of CNTs and the best activities are obtained on CNTs 
composed of between 2-7 concentric tubes in acid, neutral and alkaline solutions. The 
OER is limited by the deprotonation of water in acid and neutral conditions, which 
results in the high Tafel slope and high overpotential for OER in acid and neutral 
conditions. The concentration of OH- plays a vital role in OER on all the CNTs. OER 
on CNTs composed of between 2-7 concentric tubes in alkaline solutions shows 
higher kinetics and enhanced activities. The favorable kinetics parameters 
demonstrated the proposed tunneling effect which highlights the favorable electron 
transfer pathway in the inner tubes for CNTs composed of between 2-8 concentric 
tubes and with an OD of 2-5 nm. 
Based on the distinctive proterties of CNTs, zinc phthlocyanine functionalized CNTs 
were developed for photo electrochemical water oxidation. The zinc phthalocyanine 
functionalized CNTs with 2-7 concentric tubes show enhanced photo-electrochemical 
activity for water oxidation due to the enhanced electron transfer and electron-hole 
separation properties through tunneling effect.  
A Metal-CNTs (M-CNTs) hybrids were synthesized by arc-discharge (M-CNTs-Arc) 
and CVD (M-CNTs-CVD), and the M-CNTs  hybrids exhibit a core-shell like 
structure, in which metal nanoparticles (NPs) encapsulated by graphite shell are 
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connected by double walled CNTs or single walled CNTs. M-CNTs-Arc with 
NiCo0.16Fe0.34 metal core connected by double walled CNTs shows very high activity 
and superior stability for OER, achieving a current density of 100 A g-1 at 
overpotential () of 0.29 V and 500 A g-1 at  = 0.37 V in 1 M KOH solution. This is 
probably the highest activity reported for OER in alkaline solutions. 
Part 2  
In the second part of the thesis, PtRu based catalysts with average size of ~ 3 nm were 
supported onto noncovalent functionalized CNTs through microwave assisted self-
assembly method. The influences of the functionalization agents such as poly 
(diallyldimethylammonium chloride) (PDDA); PEI; 1-aminopyrene (AP); 
terahydrofuran (THF) were investigated. Nitrogen-containing functional groups of the 
functionalization agents play a critical role in the electrocatalystic activity of PtRu 
NPs supported on CNTs. PtRu NPs supported on PEI, AP and PDDA functionalized 
CNTs exhibited significantly higher electrocatalystic activity and stability for the 
electro-oxidation of methanol as compared with PtRu supported on THF-CNTs and 
conventional acid-treated CNTs. The superior activity of PtRu supported on 
functionalized CNTs is most likely due to the strong interaction between the electron 
rich nitrogen-containing functional groups of the functionalization agents such as PEI, 
AP, PDDA and the PtRu NPs assembled on CNTs.  
Based on the understanding on the controlled synthesis of nanoparticle alloys, 
PtRuCox NPs with a Co-rich PtRuCo core and PtRu skinned shell supported on CNTs 
have been developed by successive dealloying and annealing the PtRuCo alloy 
particles prepared by self-assembly of Pt, Ru, and Co into PEI functionalized CNTs. 
The best results were obtained on dealloyed PtRuCox NPs annealed at 450 oC, which 
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exhibits ～1 nm thick PtRu shell and Co rich PtRuCo core. The chronoamperometry 
studies at 0.4 V (vs. Ag/AgCl) show that core-shell structured PtRuCox catalysts 
exhibit a high activity (40 A g-1pt) and significant tolerance towards CO poisoning for 
MOR as compared with PtRuCo alloy (8 A g-1Pt) and conventional PtRu/C (25 A g-1Pt) 
electrocatalysts. The core-shell structured PtRuCox is also structurally stable; 
maintaining 74% of the activity after 1000 cycles between -0.2 to 1 V (vs. Ag/AgCl), 
significantly higher than 49% for PtRuCo alloy catalysts and 25% for PtRu/C 
catalysts under identical test conditions. The substantially enhanced electrocatalytic 
activity and durability of core-shell structured PtRuCox indicate great potential to 
enhance the catalystic properties by fine-tuning of the nanoscale architecture. 
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Chapter 1: Introduction 
1.1 Background 
The on growing concerns on global warming, climate change and environmental 
pollution, as well as global energy crisis urge human being to develop 
environmentally friendly technologies for renewable energy storage and conversion. 
Hydrogen, which can simultaneously reduce the dependence on crude oil and the 
emission of greenhouse gases and other pollutants, is considered as a clean energy 
carrier similar to electricity and has been touted as a replacement for fossil fuels. 
However, the key fact is that H2 is not a source of energy but only a way of storing 
and transporting it. So hydrogen fuel must be “manufactured” by extracting it from 
water and methane1-4. One of the most important hydrogen production processes is 
methane reforming, in which carbon dioxide will be released into the atmosphere5. 
Splitting water molecules, H2O → 2H2 + O2, using renewable power sources or 
nuclear energy to produce hydrogen is considered the only technology that can 
currently make large amounts of hydrogen without using fossil fuels. Solar energy is a 
renewable energy source of sufficient scale to meet rising global energy demand6, 
however, the widespread utilization of solar energy is impeded unless efficient and 
cost-effective methods for its storage can be realized6-9. Nature executes solar-to-fuels 
conversion on a massive scale in green plants and microorganisms through the 
process of photosynthesis, while only 1% of the incident solar energy is stored in the 
form of fuels in plant biomass10. Using commercially available photovoltaic PV 
device with electrolyzer system can generate hydrogen from solar power at 
efficiencies exceeding 20%10, 11. However, the efficiency of the photo- or electro-
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chemical water splitting is still very low and greatly constrained by the high 
overpotentials of OER because it is thermodynamically and kinetically unfavorable 
for removing of four electrons to form oxygen-oxygen double bond12-14.  
 
Figure 1.1 The schematic of PEMFC 
As a critical loop in the hydrogen economy, PEMFCs are a type of fuel cell being 
developed for transport applications as well as for stationary fuel cell and portable 
fuel cell applications. Conceptually, a PEMFC is simply a device that takes in oxygen 
from the air and hydrogen/small liquid organic molecules from a tank, and react them 
in a controlled way to produce electric power (Figure 1.1). In practice, PEMFCs 
typically utilize platinum based catalysts on the anode to split the hydrogen/small 
liquid organic molecules into positive ions (protons) and negative electrons. The 
proton passes through the membrane to the cathode to combine with oxygen to 
produce water. The electrons must pass through an external circuit to rejoin the H2 ion 
on the cathode. The chemical equation of hydrogen PEM fuel cell is: 
Anode: 2H2 → 4H++ 4e-  
Cathode: O2 + 4H+ + 4e- → 2H2O 
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Each cell produces approximately 1.1 volts, so to reach the required voltage the cells 
are combined to produce stacks15-17. If methanol were used as fuel, DMFCs are 
named. DMFCs are promising candidates as power sources for portable electronic 
devices due to the advantages of high volumetric energy density (17,900 kJ/L) and 
easy storage of methanol fuel, and has been extensively studied 18, 19. However, after 
more than ten years of development, challenges, including the cutting back on the use 
of expensive catalysts and hydrogen production for fuel-cell vehicles, remain.  
As mentioned above, the catalysts are the key components for fuel cell and water 
splitting. Hence, it is of critical importance to develop catalysts with high activity, 
superior stability and low cost for fuel cells and water splitting. CNTs and its hybrids 
are intensively studied for ORR 20-23, fuel oxidation 24, 25 and water splitting26, 27 for its 
unique properties such as large specific surface area, excellent mechanical and 
electrical properties. It is widely accepted that incorporating catalyst with CNTs can 
not only increase the activity, but also the durability due to the excellent electron 
transfer ability and chemical inertness of CNTs28, 29. Huge amount of efforts were 
invested into developing CNTs hybrids, but, challenges remain. CNTs need to be 
functionalized due to the inert nature in order to obtain high dispersion of metal-CNTs 
hybrids owing to the chemical inert of pristine CNTs 30, 31. Exploring easy and simple 
method to functionalize the CNTs to improve the activity and stability of metal-CNTs 
hybrids based catalysts simultaneously, and studying the influence of different 
functionalization agents on the performance of catalysts are of great significance.  
1.2 Objectives and outline of the thesis 
In general, CNTs without N and P doping have little electrocatalytic activity. We 
discovered that the activity of water electrolysis on CNTs is closely related with the 
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properties of CNTs such as number of walls or diameter rather than the impurities or 
surface area [Australia Patent, Application number 2013900671]. However, it 
mechanism lie behind this phenomeneon is remain unexplored. The main objective of 
the PhD project is to investigate the electro-chemical properties of CNTs as function 
as the number of walls and developing Metal-CNTs hybrids for water splitting and 
fuel cells. More specifically, the project has the following objectives:  
 Studying the role of inner tubes or walls of CNTs on the activity for OER, HER 
and ORR.  
 Studying the electrocatalytic activity of metal-CNTs hybrids with the aim to 
develop high active, stable and low cost catalysts for OER.  
 Investigating the dye functionalized CNTs for photo electrochemical water 
oxidation. 
 Studying the role of the N-containing polyelectrolyte and/or solvent on the 
morphology, distribution and electrocatalytic activity of the Pt-based NPs 
supported on CNTs. 
 Developing the PtRu core-shell nanoparticles (NPs) that supported on CNTs to 
achieve both better activity and stability at the same time. 
Based on the objectives as listed above, this thesis consists of 10 chapters. Chapter 2 
is focusing on the literature review of the state-of-the-art in the field. The 
experimental results and discussions are presented in chapters 3-9. In chapter-10, 
conclusions of the thesis were made and the suggestions for future work were 
proposed.  
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Chapter 1: Introduction 
This chapter briefly introduced the background of water splitting and fuel cells. The 
objective and the outline of the thesis are presented.  
Chapter 2: Literature Review 
Three parts were included in this chapter. Firstly, the principle of water splitting by 
electrolysis and the latest development of metal based catalysts for HER and OER 
were summarized. Secondly, the Pt based catalysts especially the methods for 
developing core-shell structures were briefly summarized. Thirdly, the properties of 
CNTs and the application of CNTs in the area of water splitting and fuel cells were 
discussed. 
Chapter 3: Pristine Carbon Nanotubes as Non-metal Electrocatalysts for Oxygen 
Evolution Reaction of Water Splitting (This chapter is based on the paper published 
on Applied Catalysis B: Environmental.) 
This chapter demonstrates, for the first time, that pristine CNTs composed of between 
2-7 concentric tubes and an outer diameter of 2-5 nm have an outstanding activity for 
the OER in alkaline solution as compared with SWNTs & MWNTs.  
Chapter 4: Beneath the Surface: The Role of Inner Tubes on the Electrocatalytic 
Activity of Pristine Carbon Nanotubes in Alkaline Solutions  
CNTs with 2-7 concentric tubes or walls show significantly better activity for H2 
evolution, O2 evolution and O2 reduction reactions, as compared to SWNTs and 
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MWNTs. Such activity is related to the effect of inner tubes of CNTs rather than the 
surface active sites or properties of CNTs.  
Chapter 5: Oxygen Evolution Reaction on Pristine Carbon Nanotubes: Kinetics 
and Mechanism  
 This chapter further studied the kinetics and mechanism of OER on CNTs in acid, 
neutral and alkaline solutions. The OER mechanism was illustrated through study the 
Tafel slope and reaction order. The rates determine steps of OER on the CNTs were 
further explored. 
Chapter 6: Non-covalently functionalized Carbon Nanotubes with Zinc 
Phthalocyanines for Photo-electrochemical Water Oxidation  
This chapter is the extension of chapter 3-5, and developed a zinc phthalocyanine 
functionalized CNTs for photo electrochemical water oxidation. The results provide a 
new opportunity for developing photo-catalysts using CNTs with 2-7 concentric 
tubes.  
Chapter 7: One-Step Synthesized Metal-Carbon Nanotubes Network Hybrids as 
Highly Efficient Catalysts for Oxygen Evolution Reaction of Water Splitting (This 
chapter is based on the paper published on ACS Applied Materials & Interfaces.) 
Two metal-carbon nanotubes (M-CNTs) hybrids were synthesized by arc-discharge 
and CVD methods as electrocatalysts for OER in alkaline solutions. The results 
demonstrate a highly efficient, scalable and low-cost one-step synthesis method for 
developing highly active and stable catalysts for electrochemical water splitting in 
alkaline solutions. 
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Chapter 8: Effect of Nitrogen-containing Functionalization on the Electrocatalystic 
Activity of PtRu Nanoparticles Supported on Carbon Nanotubes for Methanol 
Oxidation of Fuel Cells (This chapter is based on the paper published on Applied 
Catalysis B: Environmental.) 
PtRu NPs with average size of ~ 3 nm are supported onto poly 
(diallyldimethylammonium chloride) (PDDA); polyethylenimine (PEI); 1-
aminopyrene (AP); terahydrofuran (THF) functionalized MWNTs using microwave 
assisted self-assembly method. Nitrogen-containing functional groups of the 
functionalization agents play a critical role in the electrocatalystic activity of PtRu 
NPs supported on CNTs. The superior activity of PtRu supported on functionalized 
CNTs is most likely due to the strong interaction of the electron rich nitrogen-
containing functional groups of the functionalization agents such as PEI, AP and in 
less extend PDDA and the PtRu NPs assembled on CNTs. 
Chapter 9: New Core-Shell Structured PtRuCox Nanoparticles Supported on 
Carbon Nanotubes as Highly Active and Durable Electroctalysts for Direct 
Methanol Fuel Cells (This chapter is published Electrochemica Acta) 
New PtRuCox nanoparticles (NPs) with a Co-rich PtRuCo core and PtRu skinned 
shell supported on CNTs were developed as electrocatalysts for MOR. The core-shell 
PtRuCox NPs were prepared through a successive dealloying and annealing treatment 
of PtRuCo alloy particles. The core-shell structured PtRuCox that supported on CNTs 
not only show enhance activity for methanol oxidation but also structurally stable; 
maintaining 74% of the activity after 1000 cycle between -0.2 to 1 V (vs. Ag/AgCl).  
Chapter 10: Conclusions and Recommendations 
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The overall achievements of this thesis are summarized and the recommendations for 
future studies are listed in this chapter.  
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Chapter 2: Literature Review 
2.1 Introduction  
World energy consumption will grow by 56 % between 2010 and 2040, and the total 
world energy use will rise from 524 quadrillion British thermal units (Btu) in 2010 to 
630 quadrillion Btu in 2020 and to 820 quadrillion Btu in 2040 according to 
International Energy Outlook 2013. Among them, about 80% are from fossil fuels. 
The sustainability of fossil fuel based energy and the consequent environmental 
issues, such as global warming and pollutant gas emission, are the major challenges 
that human being is facing1, 2. Consequently, finding alternative energy sources and 
developing high-efficient, environmentally friendly and low-cost technologies for 
renewable energy storage and conversion to meet the increasing global energy 
demands and environmental issues are the general consensus between scientists and 
policy makers1.  
Hydrogen has long been considered the most promising clean candidate to replace 
fossil fuels for its advantage of high energy density. The solar energy is the only 
ultimately source of energy and is of enormous potential for hydrogen production. For 
example, the solar power density is around 1 kW m-2 on a clear day which in totoal is 
approximately 10 000 greater than the current primary energy consumption of the 
entire world. Owing to the diurnal variation in local isolation, widespread utilization 
of solar energy remains challenging unless efficient and cost-effective technologies 
for its storage can be realized3-6. The solar energy can be stored in the form of 
hydrogen by water splitting through mimic the solar-to-fuels conversion in green 
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plants and microorganisms. The direct configuration to generate hydrogen by splitting 
water is to use a photovoltaic (PV) device which produces electricity to drive the 
electrolyzer by collecting solar radiation7, 8. The hydrogen produced from water 
splitting is of high purity and is considered the idea candidate for PEM fuel cells9, 10. 
However, the efficiency of the photo- or electro-chemical water splitting is still very 
low and is greatly constrained by the high overpotentials of OER because it is 
thermodynamically and kinetically unfavorable for removing of four electrons to form 
oxygen-oxygen double bond11-13. 
On the other hand, there are great interests in developing different kinds of high-
efficient and low-cost clean energy conversion technologies, such as fuel cells, as a 
replacement for combustion-based energy sources due to rising global energy 
demands, depletion of fossil fuel reserves, and environmental pollution problems14-16. 
PEMFCs, which produces electricity from the electrochemical oxidation of small 
molecule fuels, such as hydrogen, methanol or ethanol, is attracting significant 
interests from researchers. Membrane electrode assembly (MEA), where fuel such as 
hydrogen or methanol is oxidized on the anode and oxygen is reduced on the cathode, 
is the key component in a PEMFCs. Fuel-cell MEAs must meet three major criteria: 
cost, performance and durability. The catalysts remain one of the major challenges for 
developing commercial viable fuel cells15, 17. Most MEA catalysts used today are 
based on Pt (in the form of nanoparticles (NPs) dispersed on carbon black supports), 
which has a decisive impact on costs due to the high price of this scarce precious 
metal. The cathode ORR and the anode oxidation of methanol is orders of magnitude 
slower than the anode hydrogen oxidation reaction and thus limits performance, so 
almost all researches and developments focus on improving the activity for cathode 
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ORR17 and anode MOR18, 19. And platinum (Pt) is considered best-known catalyst for 
ORR20, 21, MOR19, 22 and has been intensively studied. 
Developing active, durable and low-cost catalysts for fuel cells and water splitting is 
remaining the hot-spot in research. Huge amount of efforts have been invested in this 
area in the past two decades. Considering the scope of this thesis, the literature review 
in this chapter includes three parts: 
1) The principle of water splitting through electrolysis and the catalysts for HER and 
OER are summarized.  
2) Due to the wide application and study of Pt based catalyst, the second part of this 
chapter will briefly review the latest strategies in the development of the active and/or 
durability of Pt based catalysts for fuel cells applications and especially focus on the 
core-shell structures. 
3) CNTs are known as a promising candidate as catalysts supports for fuel cells and 
water splitting. In the third part of this chapter, the properties of CNTs and the latest 
application of CNTs in the area of developing catalyst for fuel cells and water 
splitting will be reviewed. 
2.2 Water electrolysis 
2.2.1 The principle  
The overall water electrolysis can be described by the following equation: 
2H2O → 2H2 + O2                   (1) 
The whole process is composed of HER on the cathode and OER on the anode of the 
electrolyzer8, 23, 24. Hence in alkaline solution the corresponding cathode and anode 
reactions are 
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4H2O + 4e → 2H2 +4OH-              (2) 
4OH- → O2 +2H2O + 4e               (3) 
And in acid, water electrolysis can be described as follow 
4H+ + 4e → 2H2                     (4) 
2H2O → O2 + 4H+ + 4e               (5) 
In neutral conditions, water electrolysis is 
4H2O + 4e → 2H2 +4OH-              (2) 
2H2O → O2 + 4H+ + 4e                (5) 
Eq. 2 and 4 is for HER and it is rapid and fairly reversible. The water electrolysis is 
more favorable in acid and alkaline conditions due to large amount of deprotonated 
water molecules are available for OER (in alkaline) or HER (in acid), this also 
explains why water electrolysis in neutral condition is more kinetically difficult. The 
overall water electrolysis is an uphill reaction with highly positive change in Gibbs 
free energy regardless in acid, neutral or alkaline conditions, indicating the process is 
an endothermic and nonspotaneous chemical reaction. Hence, an energy input must be 
applied to drive the thermodynamic unfavorable reaction (1). The theoretical 
minimum voltage, which denoted as reversible cell voltage for electrolysis, can be 
expressed as function of △G by means of11, 23, 25  
Vrev = △G/zF                            (6) 
Where z is the number of electron moles transferred per hydrogen mole (z = 2) and F 
is the Faraday constant, which represents the charge on one mole of electrons (96 485 
C/mol). 
Practically, thermal energy is also provided by means of electricity and the total 
energy required to split one mole of water is determined by the enthalpy change 
(△H). In ideal water electrolysis process, the minimum voltage for water electrolysis 
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known as thermo-neutral (tn) voltage is determined by the enthalpy. Hence, in ideal 
condition, the Vtn can be expressed by23 
Vtn = V∆H = ∆H/zF = (∆G + T∆S)/zF         (7) 
Here, T is the temperature and ∆S is the entropy change. Practically, the Vtn >△H/zF 
in electrolysis due to the thermodynamic irreversibility related to water vapor 
contained in hydrogen and oxygen follows and thermal losses due to convection and 
radiation.  
At standard temperature and pressure (298.15 K and 1 atm), Go = 237.21 kJ mol-1, 
∆So = 0.1631 kJ/mol K, and ∆Ho = 285.84 kJ/mol. Thus, the Vrev and the Vtn of an 
electrolytic cell at standard conditions are obtained: Vrev =1.229 V and Vtn = 1.481 V 
respectively. Hence, water electrolysis operated under 1.48 V and above 1.231 V 
requires additional heat supply from surroundings even neglecting ohmic and other 
losses, otherwise electrochemical water electrolysis will lead to the cell cooling 
down23.  
2.2.1.1 Overpotential  
Overpotential is the potential applied on an electrode to initiate the electrode reaction 
over or above the equilibrium potential, which is the deviation of the observed the 
applied cell voltage Vop (electrolysis) from the thermodynamic reversible cell voltage 
Vrev [Eq. (6)]. Hence the overpotential for electrolysis can be expressed as: 
η = Vop- Vrev = ηOER +ηHER +ηΩ                (8) 
Electrolysis overpotentials are relate to a kinetic hindrance of individual elementary 
reaction steps due to activation barriers for OER and HER. The overpotential for OER 
is significantly higher than that for HER due to OER involves four electron transfer 
process. Normally, several hundred millivolts overpotential are required in order to 
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generate oxygen at an appreciable rate25-27. Consequently, there are considerable 
research efforts devoted to decreasing oxygen evolution overpotentials.  
2.2.1.2. Tafel slope 
Tafel slopes are preferred to evaluate the intrinsic properties of OER catalysts due to 
the Tafel slope’s ability to distinguish between electronic and geometric (surface-
area) effects compared with the relative apparent catalyst performance based on 
exchange current densities28. In the process of OER, overpotential is result from the 
kinetic hindrance of individual elementary reaction steps due to activation barriers25. 
On this basis, overpotential as function of the current density is linked with the 
slowest of the elementary reaction steps, the rate-determining step (RDS), with the 
highest kinetic activation barrier. The Tafel equation can be acquired from the slope 
by plotting overpotential η as a function of the current density j obtained from steady-
state polarization in logarithm form, 
η = a + b log j    (9) 
Where b is the Tafel slope. Eq(9) imply that a plot of η will be linear with a Tafel 
slope b and intercept a.  
2.2.1.3 Turn-over frequency (TOF) 
Turnover frequency (TOF) is derived from the turn over number, and is used to refer 
turnover per unit time. In recent years, the concept of a turnover frequency (TOF) has 
been increasingly applied to surface catalysis. The TOF for OER may be defined as 
the number of oxygen molecules generated per surface catalytic site per second. 
Accordingly, the TOF can be calculated as follows12 
                     (12) 
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where Ncat is the number of catalytic sites, NO2 is the number of molecules of oxygen 
produced, NA is Avogadro’s number, Q is the charge and, iE and jE are the current and 
current density at a potential E associated with oxygen evolution. 
2.2.2 Electrocatalysts for water electrolysis 
Water electrolysis includes HER on the cathode and OER on the anode. HER is facile 
on noble metals, such as Pt, Ru and Rh, for example, Pt is consider the best catalyst 
for OER with an overpotential of around 0-20 mV in acid and 0-100 mV in alkaline 
solution. However, industrial hydrogen evolution was initially carried out on mild 
steel and nickel electrodes due to the high cost of noble metals. Researches recently 
focus on developing low-cost materials for HER with high activity. On the other 
hand, due to the kinetically unfavorable of OER compared with HER, considerable 
research efforts have been devoted to the design, synthesis and characterization of 
OER catalysts over the past several decades with the aim of achieving high amount of 
oxygen with low overpotential and at low cost.  
2.2.2.1 Electrocatalysts for HER 
HER, as a fundamental step of electrochemical water splitting, requires a favorable 
catalyst to achieve fast kinetics for practical applications. The best materials for 
hydrogen evolution are noble metals: Pt, Pd, Rh or Ir. Trasatti investigated the HER in 
acid solution, a volcano plot through plotting the exchange currents for HER vs. the 
strength of intermediate metal-hydrogen (M-H) bond, and the volcano plots indicate 
that Pt slightly better than Pd, then comes Rh, Ir29. However these materials cannot be 
used directly as solid metals for industrial processes because of their high cost.  
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Strategies were developed to improve the electrocatalytic activity of HER on noble 
metals. Subbaraman et al. discovered that a controlled arrangement of nanometer-
scale Ni(OH)2 clusters on platinum electrode surfaces can achieve a factor of 8 
activity increase in catalyzing the HER relative to state-of-the-art metal and metal-
oxide catalysts. The high HER activity is attributed to the bifunctional effect between 
the edges of the Ni(OH)2 clusters and Pt surfaces30. In order to reduce the noble metal 
loading, Pt and Pd monolayer catalysts were developed. Greeley et al. performed a 
series of detailed measurements of the exchange-current density for pseudomorphic 
Pd overlayers on the close-packed surfaces of Au, Pt, PtRu, Rh, Ir, Ru, and Re single-
crystal transition metal substrates. The order of activity for HER is 
Pd/PtRu>Pd/Pt>Pd/RhPd/Ir>Pd/Ru>Pd/Re≈Pd/Au31. Kelly et al. explores the 
opportunity to substantially reduce the cost of HER electrocatalysts by supporting one 
monolayer (ML) of platinum (Pt) on low-cost molybdenum carbide (Mo2C) substrate. 
The ML Pt-Mo2C thin film showed Pt-like HER activity while displaying excellent 
stability under HER conditions32. Sub-monolayer to monolayer (ML) of Pt supported 
on tungsten carbide (WC) allows for a significant decrease in Pt costs for HER33. 
Density functional theory (DFT) calculations and experimental measurements indicate 
that the ML Pt-WC surface exhibits chemical and electronic properties that are very 
similar to bulk Pt for simple reactions such as the HER34.  
Replacement of Pt with earth-abundant materials would be attractive to facilitate the 
global scalability of the potential clean-energy technologies. Molybdenum disulfide 
MoS2, which exhibits high HER activity and good stability in acidic solutions, is a 
potential alternative to replace Pt. Jaramillo et al. demonstrated the HER activity of 
MoS2 is correlate linearly with the number of edge sites on the MoS2 catalyst. The 
DFT-calculated ΔGH of the MoS2 edge site is slightly positive at +0.08 eV. The 
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calculations suggest only 1 in 4 edge atoms evolve molecular H2 at a given time, 
unlike Pt(111) which operates at a H-coverage of ∼1 ML. If all MoS2 edge sites could 
be made to adsorb H, activity could be increased by a factor of 4 35. Kibsgaard et al. 
design the surface structure of MoS2 to preferentially expose edge sites to improve 
catalysis by synthesizing contiguous large-area thin films of a highly ordered double-
gyroid MoS2 network with nanoscaled pores. The high surface curvature of this 
catalyst mesostructure exposes a large fraction of edge sites leading to excellent 
activity for electrocatalytic hydrogen evolution36. Similar with MoS2, monolayered 
nanosheets of chemically exfoliated WS2 were demonstrated as efficient catalysts for 
HER with very low overpotentials. Analyses indicate that the enhanced 
electrocatalytic activity of WS2 is associated with the high concentration of the 
strained metallic octahedral phase in the as-exfoliated nanosheets 37.  
Nickel phosphide NPs (Ni2P) have been investigated for electrocatalytic activity and 
stability for the HER in acidic solutions. The authors claim that Ni2P NPs had among 
the highest HER activity of any non-noble metal electrocatalyst reported to date, 
producing H2(g) with nearly quantitative faradaic yield, while also affording stability 
in aqueous acidic media38. Cobalt phosphide NPs, CoP, have also been prepared and 
evaluated as electrocatalysts for the HER under strongly acidic conditions (0.50 M 
H2SO4, pH 0.3). Electrodes comprised of CoP NPs on a Ti support (2 mg cm-2 mass 
loading) produced a cathodic current density of 20 mA cm-2 at an overpotential of -85 
mV. The CoP/Ti electrodes were stable over 24 h of sustained hydrogen production in 
0.50 M H2SO439. The results demonstrate the potential of these groups of catalysts. 
Recently, metal free HER electrocatalysts were realized. Zheng et al. reported a 
metal-free catalyst, consisting of carbon and nitrogen only, by coupling graphitic-
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carbon nitride (g-C3N4) with nitrogen-doped graphene (N-graphene; NG). This metal-
free hybrid shows comparable electrocatalytic HER activity with the existing well-
developed metallic catalysts, such as nanostructured MoS2 materials, although its 
activity is not as high as that of the state-of-the-art Pt catalyst. Electrochemical 
measurements in combination with thermodynamic calculations reveal that its unusual 
electrocatalytic properties originate from a synergistic effect of this hybrid 
nanostructure, in which g-C3N4 provides highly active hydrogen adsorption sites, 
while N-graphene facilitates the electron-transfer process for the proton reduction. 
The findings provide new avenues towards replacing noble metals for HER40.  
2.2.2.2 Metal based catalysts for OER 
2.2.2.2.1 Noble metal based catalyst for OER 
Proton exchange membrane electrolyzers are promising candidates for energy storage 
due to the advantages of higher current densities (capable of achieving values above 2 
A cm-2), high voltage efficiency, rapid system response and high gas purity41-43. PEM 
electrolyzer requires high active OER catalysts that are stable in acid, and noble metal 
based on Ru, Ir, Pd, Pt, Au and their alloys are important candidates for developing 
OER catalysts in acid electrolyte26, 44, 45. Since early 1960s, large amount of 
researches have been conducted to search for high performance OER catalysts45-49. 
For example, Damjanov et al. studied the kinetics of the OER on Rh, Ir, and Pt-Rh 
alloys using a liquid electrolyte, showing activities in the following order: Pt < Pt-Rh 
< Rh < Ir 50. Miles and Thomason studied the periodic variations of overvoltage for 
OER in acid solutions (0.1 M H2SO4, 80±2 oC) by cyclic voltammetry, and proved 
that the order of OER activity is Ir～Ru > Pd > Rh > Pt > Au > Nb> Zr ～ Ti ～ Ta 
(Fig. 2.1).26 Peter Strasser group comparatively investigated the Ru, Ir and Pt bulk 
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materials and carbon supported NPs in 0.1 M HClO4, and they observation 
demonstrate the OER activities of both bulk materials and NPs form oxides are in the 
order of oxidized Ru> oxidized Ir > oxidized Pt27. And a Tafel slope of 44, 63, 145 
mV dec-1 were observed on bulk Ru, Ir and Pt electrode, which indicates the kinetics 
on Ru and Ir are superior to Pt. These findings point out that Ir NPs emerge as a future 
nanoscaled OER catalyst for acidic PEM electrolyzer devices due to the higher 
stability of Ir compared with Ru27. It is widely accepted that the most active noble 
metals for OER are Ru and Ir oxide in acid, however, this concept is overturned by 
the latest report of Danilovic et al., who found that the most active oxide is Os (Fig. 
2.2), and the consequence of activity for OER in acid media is Os >> Ru > Ir > Pt >> 
Au, however, the stability of Os << Ru < Ir < Pt << Au 45. Hence, Ru and Ir base OER 
electrode are still considered as the most important candidates that are suitable for 
developing high active and durable anode catalysts for PEM electrolyzers and 
reversible PEM fuel cells.  
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Figure 2.1. Summary of cyclic voltammetric results for various metallic elements in 0.1M H2SO4 at 80 
oC. The potential vs. RHE is shown where the current density attains 2 mA cm-2 using a potential 
sweep rate of 50 mV s-1.26 
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Figure 2.2. Relationships between activity and stability of the OER on monometallic oxides. (a) 
Inverse trends in activity and stability of oxide materials prepared by thermal chemical (TC) and 
electrochemical (EC) methods; (b) Schematic representation of the crystalline rutile TC-oxide and 
amorphous EC-oxide structures. (c) Current–potential curves recorded during the first positive sweep 
for the OER on single crystal and polycrystalline electrodes. The lower defect density single crystals 
are less active but more stable than the polycrystalline electrodes, confirming that, in addition to the 
nature of metal element, defects play one of a central roles in the activity stability relationships. 45 
2.2.2.2.2 Fe, Co, Ni and Mn mono-oxide 
The high cost of RuO2 and IrO2 and their poor long-term stability in alkaline 
conditions renders their widespread commercial utilization. Hence base transition 
metals such as Fe, Co, Ni and Mn become the choice for OER although the OER 
overpotentials are higher than RuO2 and IrO251, 52. Lian investigated nickel and cobalt 
metal electrodes in 1 M KOH, and the results indicate that both preoxidized and 
potential cycled Ni electrodes show better activity than Co electrode in terms of Tafel 
slope and current density. For example, The Tafel slope for preoxidized electrode and 
cycled Ni electrode is 44 mV dec-1 and 38 mV dec-1 respectively, which are much 
lower than that obtained on corresponding Co electrode with a number of 52 and 49 
mV dec-1 respectively. And the current densities observed are about 4.8 and 28 mA 
cm-2 at 0.7 V vs Hg/HgO for preoxidized and potential cycled Ni electrodes 
respectively, which is more than 4 times of that of Co electrode53. Trotochaud et. al. 
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prepared FeOx, CoOx NiOx and MnOx thin films with 2-3 nm by solution-cast, and the 
overpotentials of FeOx, CoOx NiOx and MnOx for OER are 0.405, 0.381, 0.3 and 
0.514 V in 1 M KOH, and the Tafel slopes are 51, 42, 29 and 49 mV dec-1, indicating 
the activities for OER are in the order of NiOx > CoOx > FeOx > MnOx54. Markovic 
group establish the overall catalytic activities for OER as a function of a fundamental 
property, OH–M2+δ bond strength (0 ≤ δ ≤ 1.5). The activities, with trends of Mn < Fe 
< Co < Ni, are governed by the strength of the OH-M2+δ (Ni < Co < Fe < Mn). These 
trends are found to be independent of the source of the OH, either the supporting 
electrolyte, providing a foundation pathway for rational design of ‘active sites’ for 
practical alkaline OER electrocatalysts55.  
2.2.2.2.3 Binary and ternary oxides based on Fe, Co and Ni 
First-row transition metal oxides such as Ni, Co, Mn and Fe are widely studied for 
their relatively good activity for OER. However, they are still not able to meet the 
requirement for application because the M-O bond strength is either to strong or too 
weak, which result in high overpotential for OER13. However, the M-O bond binding 
energy can be tuned by preparing binary and ternary metal oxides. Wu and Scott 
prepared nanoscale CuxCo3-xO4 (0 < x < 1) particles with average size of 20-30 nm 
and demonstrated that incorporation of Cu in the spinel lattice of Co3O4 shifted the 
Co3+/Co4+ redox peak as well as the onset potential for OER to more negative 
potentials. The CuxCo3-xO4 electrodes exhibited satisfying stability during repetitive 
cyclic voltammetry56. A number of mixed hydroxides were prepared by Li et al. based 
on nickel incorporated with Cu, Mn, Cr, Co, and Fe. The results indicate that doping 
Ni with Cu and Mn has adverse effect on the performance for OER. Addition of Co 
and Cr in Ni will slightly increase the activity for OER. However, addition of Fe will 
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significantly increase the current density and lower the onset potential as well as the 
Tafel slope57.  
It has long been known that iron impurities in nickel oxide batteries facilitate the 
OER, which is parasitic to the battery charging process58. Corrigan originally reported 
the iron doped nickel oxides for OER in 25 w% alkaline solutions in 1987. The 
addition of Fe into nickel oxide will bring down the overpotential for OER 
continuously as the content of Fe increase from trace to 50%. Even at low 
concentrations, iron impurities in nickel oxide have a dramatic effect on the OER 
kinetics. The Tafel slopes decrease from 70 mV dec-1 with nickel oxide itself to 20 to 
25 mV dec-1 with high concentrations iron in 25 w% alkaline solutions, indicating the 
change of rate determine steps48. Since then, Fe-Ni alloys, Fe-Ni oxides/hydroxides 
have been widely studied54, 59-62.  
Landon et al. fabricated mixed Fe-Ni oxides using evaporation induced self-assembly, 
hard templating and dip coating. Doping Ni with Fe can substantially improve the 
activity for OER in alkaline solution, and a peak in catalytic activity is observed near 
10 mol % Fe for all three synthesis methods48, 62-64. XRD and Raman conclusively 
identified the formation of a spinel NiFe2O4 phase in coexistence with NiO at low Fe 
concentrations and the formation of Fe2O3 at higher Fe concentrations. The primary 
oxidation state of the Fe in the mixed oxide was identified using XANES analysis and 
found to be +3. EXAFS showed that the average coordination of Fe atoms increases 
under OER conditions possibly because of an increase in octahedrally coordinated Fe 
in NiFe2O4 65.  
Louie and Bell66 conducted a detailed investigation on the electrochemical activity of 
electrodeposited Ni-Fe film for OER in alkaline solution. The results indicate that the 
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interaction between Ni and Fe leads to an improvement of OER activity. As the 
increase of Fe incorporated into the Ni-Fe film, the Ni(OH)2/NiOOH redox couple 
shifts to positive potentials and the peak area decreases (Fig.2.3 A). At Fe content is 
or over 41%, the oxidation peaks are disappeared. A strong linear relationship is 
observed between reduction peak potential and the Fe content (Fig.2.3 B), and the 
electron transferred during the Ni(OH)2/NiOOH redox decrease from 1.2 for pure Ni 
film to 0.5 for films containing 90% Fe, which indicates the average oxidation state of 
Ni decrease from 3.2 to 2.5. Ni-Fe film with a composition of 40% Fe exhibits OER 
activity roughly 2 orders of magnitude higher than that of a freshly deposited Ni film 
and about 3 orders of magnitude higher than that of Fe film. And the specific current 
density varies by 2-times and the overpotenial by 20 mV when the Fe composition 
varies in the range of 15-50% (Fig.2.3 C), which is consistent with the discrepancies 
found in literatures for the Ni-Fe system with the optimum composition has been 
reported as high as 50%48 and as low as 10%57, 65. A slightly decrease of Tafel slope 
as the increase of Fe concentration in Ni-Fe films in the range 0-40%, and a slight 
increase as the Fe concentration further increase (Fig.2.3 D). However, the Tafel 
slopes for aged Ni films and mixed Ni-Fe films are close to 40 mV dec-1, while those 
for as deposited Ni films and pure Fe films are ∼55 mV dec-1. The reaction order in 
OH- is unity for all films, with the exception of as-deposited Ni films. The authors 
propose that the OER reaction on Ni-Fe films is composed of an initial reversible 
discharge of an OH- ion followed by a rate-limiting electron transfer step which 
results in the formation of a physisorbed hydrogen peroxide intermediate66.  
Chapter2	 	25	
 
 
Figure 2.3. Ni-Fe films with Fe concentration ranging from 0-100% were prepared.66  
Photochemical metal-organic deposition (PMOD) was used to prepare amorphous 
metal oxide films containing specific concentrations of iron, cobalt, and nickel to 
study how metal composition affects heterogeneous electrocatalytic for OER67. Lower 
onset potential for OER is obtained when the iron concentration is maintained in the 
range of 20-40% for binary and ternary films (Fig. 2.4). At higher Fe concentrations, 
the onset potential steadily increases till it reaches the worst value of the series for α-
FeOx. No obvious trends were observed along the Co-Ni axis of the ternary plots, 
suggesting that cobalt and nickel induces similar effects on the films properties. The 
Tafel slopes were remarkably sensitive to the amount of iron presented. In the absence 
of iron, for example, higher concentrations of nickel were found to produce higher 
Tafel slopes. Films rich in nickel afforded Tafel slopes over the 70-80 mV dec-1 
range, while films with a high abundance of cobalt produced slope of 60 mV dec-1. 
The presence of iron in any of the films produced Tafel slopes of 30-40 mV dec-1, 
where an iron concentration of 40- 60% generated optimal Tafel slopes for both the 
binary and the ternary mixtures. The long-term stability by 24 h chronopotentiometry 
experiments at current density of 1 mA cm-2 demonstrate that both α-Fe40Co40Ni20Ox 
and α-Fe40Ni60Ox show the best stability among the 21 sample tested. The collective 
(c) (d)
Chapter2	 	26	
 
XPS and electrochemical data indicate that the presence of iron in the films tends to 
stabilize higher oxidation levels of the metals after the initial oxidation67. 
 
Figure 2.4. Contour plots of kinetic parameters extracted from Tafel plots recorded on 21 independent 
amorphous (mixed-) metal oxide films: (A) onset η in units of V; (B) Tafel slopes in units of mV dec–1; 
and (C) η (in units of V) required to reach j=0.5 mA cm–2. 67 
2.2.2.2.4 Perovskites 
 
Figure 2.5. The relation between the OER catalytic activity, defined by the overpotentials at 50 μA 
cm−2ox of OER current, and the occupancy of the eg-symmetry electron of the transition metal (B in 
ABO3). Data symbols vary with type of B ions (Cr, red; Mn, orange; Fe, beige; Co, green; Ni, blue; 
mixed compounds, purple), where x= 0, 0.25, and 0.5 for Fe. Error bars represent SDs of at least three 
independent measurements. The dashed volcano lines are shown for guidance only. 73 
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Intensive research efforts have been invested in developing low-cost transition metal 
oxides as an alternative to precious-metal-based materials. Among them, perovskites, 
a broad class of crystalline minerals with structure of ABO3 system, have been widely 
studied as ORR and OER catalysts for over a century47, 49, 68-72. The physico-chemical 
and catalytic properties of perovskites can be modified by substituting ions of the 
same or different oxidation states in the A and B sites. A systematic investigation was 
made to correlate the electrocatalytic properties of perovskites (ABO3) for OER. The 
OER electrocatalytic activities of substituted perovskite (A1-xA′xBO3, where A is a 
lanthanide mainly La, A' is an alkaline earth metal mainly Sr, and B is a first-row 
transition metal) were studied systematically. The Tafel slopes for OER at lower 
overpotentials were ~43, ~65, ~120, ~125, ~200, and 175-235 mV dec-1 for LaNiO3, 
A1-xA′xCoO3 (A = La, Nd, Gd; A' = Sr, Ce, Th), La1-xSrxFeO3, La1-xA'xMnO3 (A'=Sr, 
K, Ca), La1-xSrxCrO3 and La1-xSrxVO3, respectively. The authors claim that the OER 
rate does not related with semiconductor properties of perovskites. The OER rate 
increases with the pH, with decrease of magnetic moment, with decrease of stability 
of the perovskite lattice, with decrease of the enthalpy for formation of the transition 
metal hydroxides, and with increase in the number of d-electrons in the transition 
metal ions. A volcano relation for OER on perovskites was constructed based on the 
activity descriptors Mz-OH49. Suntivich et al. proposed that the eg filling of surface 
transition metal cations can greatly influence the binding of OER intermediates on the 
perovskites surface and thus the OER activity. The highest OER activity among all 
oxides studied as predicted by the eg activity descriptor is Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
(BSCF). And Ba0.5Sr0.5Co0.8Fe0.2O3-δ was demonstrated with intrinsic activity that is at 
least an order of magnitude higher than that of the state-of-the-art iridium oxide 
catalyst in alkaline media. The intrinsic OER activities of perovskites exhibit a 
volcano-shaped dependence on the occupancy of the 3d electron with an eg symmetry 
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of surface transition metal cations in an oxide (Fig.2.5)73. Yang group reported double 
perovskites (Ln0.5Ba0.5)CoO3-δ (Ln=Pr, Sm, Gd and Ho) as a family of highly active 
catalysts for the OER upon water oxidation in alkaline solution. These double 
perovskites are stable with comparable activities as Ba0.5Sr0.5Co0.8Fe0.2O3-δ. 
(Pr0.5Ba0.5)CoO3-δ was found to have the lowest voltage for the onset overpotential, 
indicative of the highest OER activity among them68.  
2.3 Pt based catalysts for PEM fuel cells 
The design of inexpensive, stable, and catalytically active materials for the ORR and 
MOR is the ultimate goal in catalyst development, and these require fundamental 
breakthroughs and understanding of the catalytic process on different materials. Pt is 
the most active catalyst for fuel cell applications, how to achieve high performance 
with low Pt loading is remain challenging. The intrinsic activity of NPs depends on 
not only particle size74-76, shape77, 78 and composition77, 79, but also the atom 
arrangement of the metal atoms in the particle80. In general, different approaches (or a 
combination of them) can be utilized to achieve the triangle angle challenges 
performance, cost and durability. Specially, these methods include: a) controlling the 
morphology and crystallography; b) alloying Pt with other elements; c) controlling the 
arrangement of Pt and/or alloying metal atom in the single NPs; d) developing 
nanoporous NPs with increase ESA and d) developing single-atom or sub-nano Pt 
based clusters.  
Research recently focuses on the manipulation of nanoparticle structure in order to 
optimize the catalyst activity without increasing the loading of Pt81, 82. Core@shell 
electrocatalysts for fuel cells have the advantages of a high utilization of Pt and the 
modification of its electronic structures toward tunable activities with the corrosion-
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resistant Pt81, 83-87. To date, reports on core@shell ORR catalysts can be classified by 
their synthetic approaches, which include the seed mediated sequential method84, 88, 89, 
the galvanic-replacement reaction90-92, and structural rearrangement80, 93, 94. The core-
shell structured NPs with monolayer or several layers of precious group metals on 
non-precious group metals core are of great potenital to reduce the Pt loading and to 
increase the activity by tuning the activity of the shell metal through interactions with 
the core81, 85, 87, 95-97. 
2.3.1 Seed mediated sequential method  
Seed-mediated synthesis method or seeding growth method is a very popular 
chemical colloidal method that has been employed for the preparation of noble metal 
NPs with a variety of morphologies98, 99. The seeding growth method has also been 
know as an effective strategy to produce core-shell, multi-shell structures84, 88, 89. In 
this method, preformed fine metal particles are added to an appropriate growth 
solution for further growth as seeds or core. The seed or core particles are often 
produced by reducing metal ions using a suitable reducing agent. The growth 
solutions contain the same or different metal ion(s) along with other additives such as 
dopants, capping and etching agents, and so on98. Zhang et. al. prepared a carbon-
supported Fe@Pt NPs using a sequential reduction process. The Fe core was first 
synthesized by reduction of FeSO4 using NaBH4 in an aqueous solution containing 
well-dispersed carbon in the presence or absence of ammonia borane in air at room 
temperature. Second, the atoms in the outer layer of the Fe core were sacrificed to 
reduce Pt2+ 89. The Ru@Pt core-shell NPs were synthesized by using a sequential 
polyol process by coating Pt on the Ru seeds colloid with presence of 
polyvinylpyrrolidone stabilizers (MW = 55,000). The Ru@Pt core-shell nanoparticle 
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catalyst comprising a Ru core covered with an approximately 1-2-monolayer-thick 
shell of Pt atoms exhibits preferential CO oxidation in hydrogen95. Serpell et al. 
reported a new supramolecular route for the synthesis of core@shell NPs based on an 
anion coordination protocol by binding the shell metal to the surface of the preformed 
primary metal core before reduction83. Wang et. al designed and developed highly 
active and stable Pd3Cu1@ Pt/C (ORR) and Pd@PdIr (HOR) electrocatalysts through 
surfactant-free synthesis of core/C and the subsequent exclusive shell formations on 
the core using the Hantzsch ester as a reducing agent methods84. Fabricating sub-
nanometer-thick core-shell nanocatalysts are effective for obtaining high surface area 
of an active metal with tunable properties. The key to fully realize the potential of this 
approach is how to produce atomically ordered core-shell NPs. Hsieh et al. reported 
an ordered structural transition from ruthenium hcp to platinum fcc stacking sequence 
at the core-shell interface via a ethanol-based green synthesis method. The 
significantly enhanced CO tolerance and the superior stability demonstrated in 
accelerated stress tests at ultra-low catalyst loadings show promising potential of this 
structure, and show the promising application of this novel structures88.  
2.3.2 Galvanic replacement reaction 
Galvanic replacement is an electrochemical process that involves the oxidation of one 
metal (sacrificial template) by the ions of another metal which has a higher reduction 
potential90, 100. These reactions involve a corrosion process that is driven by the 
difference in the electrochemical potentials of two metallic species. Galvanic 
replacement reaction is a versatile method for preparing hollow metallic and 
monolayer core-shell nanostructures90-92, 100, 101. Sasaki et. al reported a new class of 
highly stable, active electrocatalysts comprising platinum monolayer shell on 
Chapter2	 	31	
 
palladium-gold alloy core NPs by depositing Pt monolayers on PdAu nanoparticle 
surfaces using the galvanic displacement of a Cu monolayer, which was obtained by 
underpotential deposition of a Cu monolayer on the reduced surfaces of the Pd9Au1 
NPs101. A Pt shell with controlled morphology and thickness on a Pd and Pd3Co core 
were developed using galvanic displacement of an underpotentially deposited (UPD) 
Cu monolayer mediated electrodeposition method81. Pt monolayer deposited on late-
transition metals or their alloys, such as PtPb, PdPb, and PdFe intermetallic 
compound NPs, were prepared by the galvanic replacement with Pt atoms of an 
underpotentially deposited (UPD) Cu monolayer on the catalyst electrode as well. The 
activities of these catalysts for ORR, expressed as half-wave potential, E1/2, increase 
in the sequence: Pt/PdPb < Pt/PdFe550 < Pt/PtPb, all of then show better activity 
significantly better than standard Pt/C.102 Similar  strategies were applied to prepare 
PdCu porous structure103  
2.3.3 Structural rearrangement  
Thermal annealing can rearrange the atom in controlled potential and it is a good 
method to obtain intermetallic alloy phase with improved activity and stability104-106. 
Thermal annealing can also lead to the segregation of Pt atoms to the surface in 
controlled atmosphere.94, 97 Wang et al. investigated 132 binary-alloyed nanoparticle 
systems (groups 8 to 11 in the Periodic Table) using density functional theory (DFT) 
and systematically explore their segregation energies to determine core-shell 
preferences. The results indicate that Pt alloying with Ni, Ir, Rh, Co, Os, Ru and Fe 
are of preferential to form Pt shell structures due to the favorable segregation energies 
of Pt97. For example, annealing the PtNi NPs will lead to formation of Pt-skeleton-
type surface structure with improved activity82. PtM (M = Co, Ni, Fe) annealed alloy 
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surfaces form the outermost Pt-skin surface layer, which consists only platinum 
atoms107, and the Pt-skined surface higher activity compared with Pt-skeleton and 
pure Pt-polycrystalline with nominally the same surface composition (100 at. % Pt). 
Pt3Co NPs synthesized using an impregnation reduction method and annealed at 400 
oC and 700 oC under H2 atmosphere leading to the formation of ordered Pt3Co 
intermetallic cores with a 2-3 atomic-layer-thick platinum shell, and this structure 
exhibits over 200% increase in mass activity and over 300% increase in specific 
activity for the O2 reduction reaction when compared with the disordered Pt3Co alloy 
NPs as well as Pt/C 108. Thermal annealing of Pt based alloy is attracting increasing 
interest recently for it is a method can not only achieve high activity but superior 
long-term stability at the same time.  
2.4 Carbon nanotubes and their applications in developing fuel cells and water 
splitting catalysts 
CNTs are seamless cylinders composed of one or more curved layers of graphene 
with either open or closed ends109, 110. Since the awareness of CNTs in 1991109, it has 
been extensively studied as multifunctional composite materials111, catalysts 
support111-114, nanoelectronics devices115, circuits and computers116 for its unique 
properties such as large specific surface area, excellent mechanical and electrical 
properties 111, 112, 114, 117, 118. CNT-related commercial activity has grown most 
substantially during the past decade. Since 2006, worldwide CNT production capacity 
has increased at least 10-fold, and the price of MWNTs have decreased from 45 000 
to 100 $ kg-1 and the productivity increased to several hundred tons per year for 
commercial applications in Li ion battery and nanocomposites110, 119. Due to the large 
volume of publications and the widely applications, huge amount of reviews were 
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published from the chemistry and properties of CNTs120-122 to the applications120, 123-
125, and to health and safety considerations110, 119, 124, 126, 127. Here we briefly 
summarized the properties of CNTs and their application as catalysts support in 
PEMFCs and water splitting.  
2.4.1 Properties of CNTs  
CNTs are seamless cylinders composed of one or more curved layers of graphene109, 
110. According to the layers of curved graphene, CNTs are normally classified as 
SWNTs (Fig. 2.6 left) which consists of a single layer of graphene sheet seamlessly 
rolled into a cylinder, DWNTs (Fig. 2.6 middle) which compose of two layers of 
curved graphene, and MWNTs (Fig. 2.6 right) which composed of multiple concentric 
tubes. The gaps between two nearby concentric tubes is around 0.34 nm. The circular 
curvature will cause quantum confinement and σ-π rehybridization, hence the π obital 
is more delocalized out of the carbon plane, which make the CNTs mechanically 
stronger, electrically and thermally more conductive than graphite.  
 
Figure 2.6. The schematic structure of SWNTs, DWNTs and MWNTs 
The chemical, physical and electrochemical properties of CNTs are widely studied 
and their properties can be summarized as follow116, 128-132: 
1) The physical properties of SWNTs depend on the chirality index (n, m), which 
makes the SWNTs be metallic or semiconductor depending on band gaps that are 
relatively large (～0.5 eV) or small (～10 meV) 128, 132, 133. Slightly changes in tube 
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diameter and wrapping angle, defined by the chirality indices (n, m), will shift their 
electrical conductivity from metallic state to semiconducting state, and change the 
band gap. Normally, 1/3 SWNTs would be expected as metallic and the other 2/3 
would be expected as semiconductors. Liu et al. investigated the chirality of over 400 
single walled nanotubes from one growth condition, and they discovered that for 
nanotube diameters between 1.7 and 2.1 nm, semiconducting species are highly 
enriched, and metallic ones completely dominate for nanotube diameters larger than 
2.3 nm134, which indicates the diameter is also a determine parameter for the 
properties of CNTs. SWNTs have inspired a vast range of proposed applications 
including transistors, logic gates, and field emission sources etc.135. However, this 
structure can not be fully exploited until the structurally pure SWNTs can be realized. 
After more than two decades investigation, recently Yang et al. show that SWNTs of 
a single chirality, (12, 6), can be produced directly with an abundance higher than 92 
% when using tungsten-based bimetallic alloy nanocrystals as catalysts. The authors 
claim that using high-melting-point alloy nanocrystals with optimized structures as 
catalysts might be able to pave the way for total chirality control in SWNT growth 
and will thus promote the development of SWCNT applications136. 
2) DWNTs are intriguing materials that exhibit properties intermediate between those 
SWNTs and multi walled CNTs. DWNTs exhibit band gaps that are sufficiently large 
for field effect transistors137 and high stability for aggressive chemical138, mechanical 
and thermal treatment139 compared with single walled CNTs and MWNTs 132, 139, 140. 
The electronic structure of a DWNT is affected not only by the curvatures of the tubes 
but also by the inter-wall coupling strength/distance. Decreasing the distance between 
the walls leads to a change of electron type. For example, DWNT is compose of two 
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semiconductor tubes, the whole tube will be semiconductor if the distance of two 
walls is too far, and will be metallic if the distance is shorter enough130.  
3) Larger diameters tubes are found to have a greater density of defects such as 
vacancies or interstitials.  
4) CNTs, especially SWNTs, are ideal for optical and optoelectronic applications due 
to the direct band gap, well defined band gap and subband structure119.  
5) CNTs are chemical stable with enhanced oxidation resistance for chemical 
reactions due to the well-defined short-range and long-range ordering141, 142.  
6) The structure of the CNTs allows a faster and efficient electron and heat transport. 
The CNTs show a volume resistivity in the 10-2-10-3 Ω cm typical range. MWNTs are 
typically metallic and can carry currents of up to 109 A cm-2. Theoretically, metallic 
nanotubes have an electrical current density more than 1,000 times greater than metals 
such as silver and copper. The thermal conductivity of CNTs is ~3,000-3,500 W mK-1 
at room temperature143.  
7) Owing to the covalent sp2 bonds between individual carbon atoms, a nanotube 
shows a Young’s modulus of 1.2 TPa, a tensile strength around a hundred times 
higher than steel and can tolerate huge strains before mechanical failure144-146. Since 
CNTs have a low density for a solid of 1.3-1.4 gm/cm³, its specific strength can reach 
up to 48,462 kN·m/kg, which is the best of known materials147. 
2.4.2 Synthesis of CNTs  
Controllable synthesizing of CNTs with desirable structure and properties is the 
prerequisite of CNTs applications. In the past two decades, methods, including arc 
discharge, laser ablation, and chemical vapor deposition (CVD) methods, have been 
developed to produce CNTs with preferential properties148, 149. CNTs produced from 
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arc discharge or laser ablation generally have fewer structural defects due to the 
higher growth temperature. The CVD growth is the most promising method for mass 
CNTs production due to the advantages of mild synthesis condition, high yield, 
simple facility and low cost119, 132, 148, 150-152.  
Single-, double-, or multi-walled CNTs, can be prepared by using catalysts under 
controlled conditions. During the formation of CNTs, the carbon feedstock is firstly 
decomposed into carbon atoms and hydrogen on an active catalysts surface. Then 
carbon atoms diffuse into the metal particles till the solution (metal-carbon) becomes 
saturated. The precipitation of graphite carbon from the metal surface starts when 
supersaturation occurs then forms a cylinder CNT if the condition is right119. The 
catalyst is playing a key role for CNTs growth. The transitional metals, such as Fe, 
Co, Ni, Au, Pd, Ag, Pb, Mn, Cr, Ru, Mo, Cu, have been widely studied153. Nanosized 
iron-group metals (Fe, Co, Ni) are known for their ability to catalyze SWNT growth 
in chemical vapor deposition154. And recently semiconductor NPs catalysts such as 
Ge, Si and SiC have been developed in order to develop metal-free CNTs149.  
2.4.3 Functionalization of CNTs 
CNTs have been extensively studied as catalysts support for fuel cells and water 
splitting due to their unique properties such as large specific surface area, excellent 
mechanical and electrical properties117, 155-162. For example, it has been reported that 
the CNT-supported Pt (Pt/CNT) catalysts exhibit higher catalytic activity and higher 
electrochemical stability as compared to Pt/C163-166. However, the as-prepared CNTs 
are insoluble in all organic solvents and aqueous solutions due to the inert chemical 
properties of the CNTs, which make them difficult to manipulate, hence limit their 
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applications. Consequently, it is necessary to modify or functionalize the surface of 
CNTs to introduce anchor sites before catalyst deposition.  
In general, CNTs can be functionalized by covalent attachment of chemical groups 
through bonding to the π-conjugated skeleton of the CNTs or by non-covalent 
adsorption or wrapping of various functional polyelectrolytes or compounds. The 
covalent functionalization methods including sidewall halogenation, hydrogenation, 
and radical additions and so on are intensively studied129. The most common covalent 
functionalization involves the attachment of carbonyl and hydroxyl groups via an acid 
oxidation treatment with a mixture of HNO3/H2SO4 or by plasma etching167, 168. The 
distributions of carbonyl and carboxyl groups generated by acid treatment are not 
particularly homogeneous and would lead to the aggregation of NPs and low 
utilization of nanostructured electrocatalysts169. The distribution of catalysts on acid 
treated CNTs can be improved by introducing more active sites via treatment with 
ethylenediamine170 and polyaniline171. But CNTs that were initially treated by acid 
oxidation prior to the treatment of polyelectrolyte introduce structural defects and 
disrupts the delocalized pi electron system in the CNT sidewalls, and consequently 
alter the electronic and mechanical properties to a degree that would significantly 
affect the performance of the electrocatalysts. Therefore, development of a better and 
more effective functionalization methods that can not only introduce high density and 
homogeneous surface functional groups but also has little or no structural damage to 
CNTs have been attracting increasing interests. The noncovalent interaction is based 
on van der Waals forces or ð-ð stacking, and it is controlled by thermodynamics. Non-
covalent functionlization of CNTs by various surfactants168, aromatic compounds168, 
170, functional polymers163, 172 and biomolecules158 has been intensively studied as 
such functionalization is effective to introduce high density and uniform active sites 
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with little detrimental effect on CNTs. The functionalization of CNTs has been widely 
studied in the past two decades. Regarding functionalization of CNTs, more details 
can refer to [ref. 111 and 129 ]111, 129. 
2.4.4 CNTs as catalyst support  
The carbon black catalysts are undergoing electrochemical oxidation to produce 
surface oxides and eventually to CO2 at the cathode during fuel cell operation, hence 
lead to aggregation of NPs and the degradation of the catalysts performance173, 174. 
The high specific surface area, high electrical conductivity, high mechanical strength 
and corrosion-resistance of CNTs make them promising candidates for catalyst 
supports in fuel cell173. It has been demonstrated that Pt/CNTs catalyst with 12 wt% 
Pt loading could deliver a 10% higher fuel cell voltage and twice power density than 
29% Pt/C in hydrogen PEM fuel cells175. Li et al. demonstrated that using CNTs as 
supports for cathode catalysts in a direct methanol single cell produces better 
performance compared to XC-72 carbon176. Electrochemical surface oxidation of 
carbon black Vulcan XC-72 and MWNT has been compared following potentiostatic 
treatments up to 168 h under condition simulating PEMFC cathode environment. 
MWNTs are electrochemically more stable than Vulcan XC-72 with less surface 
oxide formation, and show lower loss of Pt surface area, low extend of particle 
aggregation (Fig. 2.7) and ORR activity177. Pt NPs were supported onto highly 
graphitized MWNTs, and the electrochemical investigation suggested that the HG-
MWCNT had a higher electrochemical stability. The author claim that the high 
stability is because of the lower corrosion rate of highly graphitized MWNT and the 
stronger interaction between metal and carbon support178. Asgari compared the 
electrochemical stability of Pt/MWNT and Pt/SWNTs, and found that Pt/MWNT is 
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electrochemically more stable compared with Pt/SWNT for fuel cell catalysts due to 
the serious detachment of Pt particles from SWNT support179. Due to the excellent 
chemical stability and electronic property of CNTs, noble metal based NPs supported 
on CNTs were intensively studied in the past decades for fuel cells169, 180-184 and 
variety of preparation methods were reported and summarized. Here we are not going 
to discuss them in detail because many reviews were published in this area, and if you 
interested, please refer to some good reviews such as reference [ ref. 118, 173, 185 
and 186]118, 173, 185, 186.  
CNTs are considered as promising candidates to develop noble metal-free catalysts 
for water splitting, and they present new opportunities to develop active, durable and 
low-cost catalysts. Wu et al. developed a hybrid consisting of Co3O4 nanocrystals 
supported on SWNTs via a simple self-assembly approach. The Co3O4/SWNTs 
hybrid electrode for the OER exhibits much enhanced catalytic activity as well as 
superior stability for OER under neutral and alkaline conditions compared with bare 
Co3O4, which only performs well in alkaline solution112. Polyoxometalates (POM) 
supported on CNTs exhibit enhanced activity for OER under dark or illuminated 
conditions114. Cobalt-embedded nitrogen-rich CNTs can efficiently electrocatalyze the 
HER with activities close to that of Pt under acidic, neutral or basic media187. 
Ultrathin nickel-iron layered double hydroxide (LDH) nanoplates supported on 
oxidized MWNTs achieved a current density of 10 A g-1 at  = 0.228 V in 1 M KOH 
with catalysts loading of 0.25 mg cm-2. Growth of LDH nanoplates on the functional 
groups on CNTs contributed to the optimal OER activity of the NiFe-LDH/CNT 
complexes117. Recently, multifunctional catalysts are attracted increasing interests. 
Dai group prepared a series of multifunctional base trasition metals based 
inorganic/nanocarbon hybrids for fuel cell and water splitting applications by strongly 
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coupling the inorganic metal oxides and nanocarbon materials. This method affords 
strong chemical attachment and electrical coupling between the electrocalytic NPs 
and nanocarbon, resulting precious metal-free catalyst with improve activity and 
durability for fuel cell and electrolysis188.  
 
Fig. 2.7 TEM micrographs of (a) Pt/Vulcan XC-72 before durability test, (b) Pt/Vulcan XC-72 after 
durability test for 168 h, (c) Pt/MWNTs before durability test, and (d) Pt/MWNTs after durability test 
for 168 h. Inset of (d) shows a typical region.177 
2.4.5 CNTs based metal free catalysts  
2.4.5.1 Pristine CNTs 
It is reported that CNTs exhibit some activity toward ORR in alkaline solutions 
through 2-electron reduction of O2 to HO2- in alkaline conditions, and the enhanced 
O2 reduction are caused by quinone functionalities of carbon materials189-192. And the 
ORR activity of MWNTs is demonstrated pH-dependence. Kruusenberg et al. 
investigated oxygen electro-reduction on MWNTs in 0.5 M H2SO4 solution, acetate 
buffer (pH 5), phosphate buffers (pH 6, 7 and 8), borate buffer (pH 10), 0.01 M KOH, 
0.1 M KOH and in 1 M KOH solution, using the rotating disk electrode (RDE) 
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method. The overpotentials for O2 reduction increase with decreasing pH. The half-
wave potentials (E1/2) of oxygen reduction on MWNTs are higher in solutions of high 
pH. At lower pHs (pH < 10) the value of E1/2 did not essentially depend on the 
solution pH193. Dubey et al.194 reported anode made of MWNTs results in 
enhancement of exchange current density compared to graphite anode in a 
conventional alkaline water electrolysis cell. Misra et al.195 applied hydrophobic 
aligned MWNTs forests as electrochemical cells for the electro-decomposition of 
water. With a voltage of -10V, hydrogen evolution appeared near the surface of the 
CNTs and oxygen bubbles formed around the counter-tungsten electrode195. 
It is widely believed that pristine CNTs function only as support materials to wire up 
more active electrocatalytic materials unless modified or doped196, 197, and the activity 
that reported for pristine carbon materials are debatable because the trace amount of 
metal impurities are existed in the CNTs products198. However, this dispute has been 
solved by the recent research from Byers et al199, who visualized the electrochemical 
reduction of oxygen (hydrogen peroxide generation) at high resolution along pristine 
(defect-free) regions of individual SWNTs, and demonstrated that SWNTs, in fact, 
exhibit activity for O2 reduction to H2O2 and the activity is comparable to that of 
standard gold electrocatalysts (Figure 2.8)199. CNT films can act as easy-to-make and 
flexible electrodes with a high stability and performance superior to graphite for 
generation of non-oxidizing gases such as hydrogen from solution, CNT film 
electrodes are two orders of magnitude lighter and require much lower overpotential 
for faradaic splitting of water200. Compared to nanocarbonmetal/metal oxide 
electrocatalysts, nanocarbon electrocatalysts can be engineered without significant 
changes to the overall composition and provides a large number of models and tools 
to modify the surface chemistry and thus the electrocatalytic behavior. 199 
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Figure 2.8. Electrochemical reduction of oxygen (hydrogen peroxide generation) at high resolution 
along pristine (defect-free) regions of individual SWNTs (a) SECCM setup showing a theta pipet 
positioned directly above an individual SWNT creating a well-defined tiny meniscus electrochemical 
cell for local electrochemical measurements and substrate mapping. A voltage, V1, permits control of 
the working electrode potential, while an ion current (IIC) between the two barrels of the pipet, 
generated by V2, is used for precise pipet positioning. An electrochemical current (IEC) is measured 
when the meniscus makes contact with the SWNT. Illustration (not to scale) of the enhanced mass 
transport and well-defined geometry of the SECCM setup, where dmeniscus and dSWNT correspond to 
meniscus and SWNT diameter, respectively. (b) Cyclic voltammograms of the ORR at a pristine 
individual SWNT. Scan rate: 100 mV/s. (c) Electrochemical map recorded at a substrate potential of 
−1.0 V vs Ag/AgCl QRCE for a pristine individual SWNT. Inset contains a line scan profile illustrating 
the evolution of the measured electrochemical current as the meniscus advanced across the SWNT. All 
measurements carried out in aerated PBS (pH 7.2) with 25 mM KCl.199 
2.4.5.2 Modified CNTs 
In addition of heteratom doped CNTs, another group of metal-free catalysts with low-
nitrogen or nitrogen-free CNTs are developed for ORR recently. Li et al. demonstrate 
that partially unzipping the “few-walled CNTs” via oxidation and high temperature 
reaction with ammonia, creating nanoscale sheets of graphene attached to the inner 
tubes, can act as ORR catalysts in both acid and alkaline conditions. The authors 
claim that the graphene sheets formed from the unzipped part of the outer wall of the 
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CNTs are responsible for the catalytic activity (Fig. 2.9). The inner walls remain 
intact and retain their electrical conductivity, which facilitates charge transport during 
electrocatalysis. And graphene sheets contain extremely small amounts of irons 
originated from nanotube growth seeds, and nitrogen impurities, which facilitate the 
formation of catalytic sites and boost the activity of the catalyst197. Wang et al. 
recently demonstrated that polyelectrolyte functionalized CNTs could act as metal 
free electrocatalysts for ORR through the intermolecular charge-transfer from the 
CNTs to the functionalized PDDA (Fig. 2.10)201. The XPS results indicate the PDDA 
N1s peak for PDDA-CNT shifted negatively to lower binding energy by ∼0.5 eV, 
which indicates that PDDA acts as a p-type dopant to positively charge carbon atoms 
in the conjugated electron-rich nanotube carbon plane201. This work opens a new area 
to develop metal-free ORR catalysts for fuel cells even though the activity is still 
significantly lower than Pt/C.  
Recently, it is reported that introduction of defects into CNTs will greatly increase the 
activity of CNTs for ORR and HER. Miller et al. demonstrated that anodic pre-
treatment of pristine SWNTs forests show enhanced activity for ORR due to the 
introduction of defects202. Waki et al. found that the formation of topological defects 
on the MWNTs through successive oxidation by refluxing in sulfuric acid and 
concentrated nitric acid and annealing in argon at high temperature can significantly 
enhance the activity for ORR in acid compared with pristine MWNTs203. Cui et al. 
developed activated CNTs as a metal-free electrocatalysts for the HER with good 
durability in acidic electrolytes. This catalyst shows onset overpotential and an 
exchange current density of 100 mV and 16.0 × 10−3 mA cm−2, respectively. The 
author proposed that the acidic groups, such as -COOH, on CNTs act as proton relays, 
and CNTs capture and store electrons easily from the electrode during the cathodic 
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scan, and their excellent electrical conductivity also facilitates fast and efficient 
electron transport along CNTs. Subsequently, these electrons are transferred rapidly 
from CNTs to the acidic groups, leading to the reduction of protons to form 
hydrogen204.  
 
Figure 2.9. Structural and compositional characterization of carbon nanotube–graphene complexes. a, 
XPS survey spectra of as-oxidized material (oxidized NT–G) and final catalyst (NT–G). b,c, High-
resolution C 1s XPS spectra (b) and N 1s spectra (c) of as-oxidized material (oxidized NT–G, black) 
and final catalyst (NT–G, red). Oxidized NT–G is reduced and doped with nitrogen during the high-
temperature ammonia annealing. d, Chart showing the percentages of iron, nitrogen and oxygen in the 
final NT–G material measured by ICP-MS and XPS. e,f, Aberration-corrected TEM images of the NT–
G material, showing damaged outer walls and exfoliated graphene pieces attached to double- or triple-
walled carbon nanotubes (CNTs).197 
 
Figure 2.10. Illustration of charge transfer process and oxygen reduction reaction on PDDA-CNT. 201 
2.4.5.3 Heteroatom doped CNTs 
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It is widely known that doping carbon materials with heteroatom such as N196, 205, 
B206, S207 and P208 can significantly increase the activity for ORR. The aim of doping 
is to break the electro neutrality of CNTs to create charged sites favorable for O2 
adsorption and effectively utilization the carbon pi electrons for O2 reduction. In the 
case of nitrogen doped CNTs, pyridine-like, pyrrole-like and graphitic N is 
responsible for the ORR active sites196. The incorporation of electron-accepting 
nitrogen atoms in the conjugated carbon plane provides a four-electron pathway for 
the ORR on CNTs with a superb performance196, 209. Due to the huge amount of 
publications that on doped carbon materials for ORR, and the thesis does not focus on 
ORR, hence the doped CNTs will not be summarized here, and detailed information 
please refer to reviews by Dai173 and Wang210.  
Recently, metal free OER, and HER catalysts were also developed based on doped 
carbon materials. Zhao et al developed a nitrogen-doped carbon material for OER in 
alkaline media, and the material generated a current density of 10 mA cm−2 at the 
overpotential of 0.38 V. The electrochemical and physical studies indicate that the 
high OER activity of the nitrogen/carbon materials is originated from the pyridinic-
nitrogen- or/and quaternary-nitrogen-related active sites211. Tian et al. developed N-
doped graphene/single walled CNTs hybrid for both ORR and OER212. Graphitic 
carbon nitride (g-C3N4) hybridized with a small number of MWNTs was synthesized 
using cyanamide as precursor. The optimal CNT content is found to be ～0.2 wt% in 
the composite, which displays a 2.4-fold enhancement in photocatalytic water 
splitting over pure g-C3N4200. A new class of graphitic carbon nanosheet-carbon 
nanotube three dimensional composites has been developed through self-assembly of 
graphitic carbon nitride nanosheets and CNTs. The composites exhibited high activity 
and stability for OER213. A metal-free hybrid catalyst based on graphitic-carbon 
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nitride with nitrogen-doped graphene was synthesized, and it shows an unexpected 
HER activity with comparable overpotential and Tafel slope to some of well-
developed metallic catalysts. Experimental observations in combination with DFT 
calculations reveal that its unusual electrocatalytic properties are originate from an 
intrinsic chemical and electronic coupling that synergistically promotes the proton 
adsorption and reduction kinetics40. B-doped graphene also has been demonstrated 
with efficient electrocatalytic activity for HER214.  
Even though huge amount of literatures show ORR is significantly improved on 
heteroatom-doped CNTs/graphene surfaces. While Wang et al. argues that there is 
typically no sufficient effort to characterize the doped materials to verify that they are 
indeed free of any trace metal for ORR. They demonstrated that trace (ppm) levels of 
metallic impurities, such as manganese oxide, found in graphene have profound 
influences on the observed ORR potentials. However, their results also show that 
Fe3O4, NiO and Co3O4 supported on glass carbon (GC) electrodes show negligible 
activity when compared with GC. In light of these findings, the authors highly 
recommended to perform precise and complete characterizations of all materials 
employed for the catalysis of ORR198.  
2.5 Remarks and perspectives  
Water electrolysis is constraint by OER, and OER catalysts have long been 
investigated and they are recently gaining increasing interests again. Noble metal 
catalysts are playing an important role in developing efficient PEM electrolyser, and 
Ir and Ru based structures are the state-of-the-art catalyst for PEM electrolysis 
applications. However, it is remaining challenge to develop ultra-low noble metal 
catalysts for OER with long-term stability. On the other hand, noble metal free 
catalysts are widely studied in alkaline conditions, and Ni-Fe or Ni-Fe-Co system, 
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regardless in forms of oxides, hydroxides or in supported form with CNTs, have been 
demonstrated the most active OER catalysts in alkaline conditions. Perovskites also 
show promising opportunities, but their activities are still lower than Ni-Fe system by 
comparing the data reported at this stage. Due to OER is rely on oxides catalysts, 
most of which are not conductive, hence imbedding OER oxides with conductive 
CNTs are of promising application for electro-chemical water splitting. And recently, 
N-doped carbon materials have been proved of very good activity for OER, and these 
metal free OER catalysts are gaining increasing attention and offer more 
opportunities.  
Then we reviewed the strategies developed for design Pt based nanostructures for fuel 
cells applications with the aim to improve catalytic activity, long-tern durability and 
to reduce the cost without comprising the performance. Core-shell structures bring 
new opportunities, and especially the Pt shell intermetallic core structure obtained by 
annealing Pt based NPs show enhanced activity and stability simultaneously, which 
are promising for developing high performance fuel cells.  
CNTs provide more opportunity to develop more efficient and stable catalysts for fuel 
cell and water splitting, especially in the area of developing noble metal-free and 
metal-free catalysts. However, the activities of heteroatom doped CNTs are still not 
able to compare with that of noble metal based catalysts at this stage. Recently, it is 
reported that the introduction of defects can enhance the ORR activity, and pristine 
CNTs are also reported show some activity for ORR and HER. However, the 
electrochemical properties of CNTs are still remaining unexplored. Hence exploring 
the intrinsic properties of different types of CNTs and coordination metal-free or 
noble metal free catalysts with CNTs by revealing the synergistic effects might be 
able to offer new opportunities. 
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Chapter 3: Pristine Carbon Nanotubes as 
Non-metal Electrocatalysts for Oxygen 
Evolution Reaction of Water Splitting  
3.1 Introduction 
Hydrogen production from water splitting driven by renewable energy, such as hydro, 
solar or wind power is a most environmentally friendly pathway to meet the 
constantly growing demand for renewable energy storage and conversion 
technologies. For example, the most mature solar-driven water splitting technology is 
the combination of commercial photovoltaic (PV) modules with water electrolyzers 1. 
However, the practical application of water electrolysis or water splitting is greatly 
constrained by the high overpotentials () required and the slow rate of the OER 
because the release of O2 involves the formation of an oxygen-oxygen bond with an 
overall four-electron process 2. Hence, developing efficient catalysts with high 
activity and durability for OER is of great technological and scientific significance in 
the application of renewable energy storage and conversion technologies. 
There are substantial progresses on developing electrocatalysts for water splitting 
through decades of sustained efforts. These include noble metals and metal-oxides-
based OER catalysts, such as Pt 3, 4, Pd 5, Au 5, Ir 4, Ru 4, RuO2 6, IrO2 7 and their 
combination 8, but their wide spread application is limited due to their high cost and 
scare resources. Water splitting under alkaline conditions allows the use of non-noble 
metals and inexpensive various oxide catalysts. Transition metal oxides, such as 
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MnO2 9, 10, Co2O3 11-13, NiCoO3 14, Ni-Fe oxide 15 and FexCoyNizOx 16 have shown 
relatively good activity that are comparable to RuO2 and IrO2 in alkaline solutions. 
Some perovskite oxides such as Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF) also exhibit high 
activity for OER in alkaline solution 17. However, the low conductivity of these 
oxides are problematic in practical applications.  
CNTs are seamless cylinders composed of one or more curved layers of graphene with either open or 
closed ends. These materials have been extensively studied as catalyst supports due to their unique 
properties, such as large specific surface area, excellent mechanical and electrical properties 12, 18-21. 
Co2O3 particles supported on oxidized MWNTs yielded a current density of 10 mA cm-2 at an 
overpotential ( ) of 0.39 V in 0.1 M KOH solution 22, significantly better than Co2O3 nanocrystals. 
Ultrathin nickel-iron layered double hydroxide nanoplates supported on oxidized MWNTs achieved a 
current density of 10 A g-1 at  = 0.228 V in 1 M KOH with catalysts loading of 0.25 mg cm-2 20. Li et 
al.23 developed a mononuclear ruthenium complex supported on MWNTs, which show high 
electrocatalystic activity and low  for water oxidation reaction. Modifying CNTs by nitrogen-doping 
can substantially enhance the electrocatalytic activity for oxygen reduction and OER in alkaline 
solutions 24, 25. However, it is generally believed that pristine CNTs without nitrogen-doping or 
supported metal or metal oxide nanoparticles would have little electrocatalytic activity for the water 
oxidation reactions. 
Here we demonstrate, for the first time, that the as-received pristine CNTs with a 
diameter of 2-5 nm and composed mainly of 2-7 concentric tubes have extremely high 
electrochemical activities for the OER in alkaline solutions, as compared with SWNTs 
and MWNTs. And the pristine CNTs composed mainly of 2-7 concentric tubes have 
relatively high electrochemical activities for HER and ORR compared with SWNTs 
and MWNTs.  
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3.2 Experimental 
3.2.1 Materials 
CNTs with different number of walls and diameters were obtained from commercial 
sources including Nanostructured & Amorphous Materials, Inc., USA, Beijing Dk 
Nano technology Co., LTD, China and Shenzhen Nano, China. In order to reduce the 
possible effect of the metal catalysts, such as cobalt and nickel in the CNTs samples, 
on the OER, the as-received CNTs samples were purified as follow: 50 mg CNTs 
were dispersed in 50 mL HCl (30 wt %) solution before ultrasonicated for 1 h, then 
the dispersions were separated and the sludge were dispersed in a fresh 50 mL HCl 
(30 wt %) solution, followed by stirring overnight. The CNTs pellets were collected 
and transfer into a Teflon digestion tank and 10 mL HCl solution was added and 
digested at 120 oC overnight. After the digestion, the CNTs were washed by fresh 
HCl, and then by 5 mol L-1 HNO3 for 3 times before rinsed thoroughly by DI water. 
The purified CNTs were dried and collected. Activated carbon (Sigma-Aldrich), 
graphite (Sigma-Aldrich), 50% Pt/C (Alfa Aesar), Ru/C (20 wt% Ru on Vulcan 
carbon black, Premetek Co.), KOH (Sigma-Aldrich), Nafion solution (5% in 
isopropanal and water, Sigma-Aldrich) were received and used without further 
treatment. 
3.2.2 Characterization 
The BET surface area of CNTs, activated carbon and graphite were characterized 
using a Gemini 2360 surface area analyzer. The Raman spectra were recorded in air at 
room temperature using a Perkin–Elmer GX FT-IR/Raman spectrometer with a back-
scattered configuration and equipped with a Nd:YAG laser at 1064 nm as its light 
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source. CNTs were characterized using a TEM JEOL3000 operated at 200 kV. The 
average outer diameter (OD) and number of walls of CNTs were estimated by 
measuring 100 randomly chosen CNTs in the TEM images. 
Thermo gravimetric (TG, Q5000) analyses were performed under air upon 
equilibration at 100 °C for 15 min, followed by a ramp of 10 °C min-1 up to 800 °C to 
estimate the content of the impurities in the CNTs samples. The elements of the 
impurities or trace metals were analyzed using Inductively Coupled Plasma (ICP-
OES, IRIS Intrepid Ⅱ XSP, USA). The solutions for ICP analysis were prepared as 
follow: as received CNTs and the purified CNTs were digested using microwave 
dissolver (SINEO, HDS-8G) with acid mixture containing 10 mL HNO3 (65%), 1 mL 
HClO4 and 2 mL HF (the procedure was set as: 150 oC, 5 min; 180 oC, 5 min; 200 oC, 
10 min; 230 oC, 20 min ). 
The electrochemical measurements were conducted in a three-electrode cell with a 
Luggin capillary, using a Gamery Reference 3000 Potentiostat. The tip of the Luggin 
capillary was placed 3 mm beneath the working electrode. The working electrode is 
prepared as follows. Generally, 1 mg of electro-catalyst was ultrasonically mixed in 2 
mL Nafion solution to form a homogeneous ink, followed by pipetting 5 μL of the 
electro-catalyst ink onto the surface of a GCE. The diameter of GCE was 5 mm. The 
Ohmic potential drop between the working electrode and the tip of the Luggin 
capillary was estimated by measuring the impedance value at the frequency of 30 
kHz. A Pt wire and SCE were used as the counter and reference electrodes, 
respectively. Potentials in the present study were given versus RHE reference 
electrode (ERHE = E vs SCE + ESCE + 0.059×pH, where ESCE = 0.247V vs RHE at 20 oC). 
The LSV was conducted at a sweep rate of 1 mV s-1 in the potential range between 0-
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1 V (vs SCE). Tafel plots were recorded at a sweep rate of 1 mV s-1 with the electrode 
initially conditioned at a potential of 0.65 V (vs. SCE) for 5 min before the potential 
scan. Tafel plots were IR corrected. Impedance curves were recorded under open 
circuit and different dc bias with frequency range from 0.1 Hz to 100 kHz and the 
signal amplitude of 10 mV using a Gamery Reference 3000 Potentiostat. Electrode 
polarization resistance, Rp, was measured by the differences between the high and low 
frequency intercepts. Without specification, the catalyst loading was 0.025 mg cm-2 
and the measurements were conducted at GCE with rotating speed of 2000 rpm. The 
chronopotentiometry was conducted at different current density with catalysts loading 
of 0.1 mg cm-2. For comparison, a commercial 20%Ru/C and 50%Pt/C was also 
investigated for OER under identical conditions. The reproducibility of the 
electrochemical activity of the CNTs for the OER in alkaline solution was confirmed 
by repeating the experiments for at least 3-5 times under identical conditions. 
3.2.3 Calculations for Turnover Frequencies 
The surface area of Pt is determined by measuring the charges (QPt,H) from the H-
adsorption or desorption peak of its CV curve. Each surface Pt atom is assumed to 
correspond to one chemisorbed H atom. The charges (QPt, S) associated with a smooth 
Pt surface is accepted to be 210 µC cm-2. Hence, the electrochemical surface area of 
the Pt electrode = QPt,H/QPt S. The current used for TOF calculation are obtained from 
LSV at 1 mV s-1. 
Mass nominated active surface area of 50% Pt-C:  
560.995 µC/210m = 2.671 cm2 /0.005 mg = 60.67 cm2 /mg Pt 
Number of Pt surface atom  
50% Pt-C: (210*10-6*0.5*NA)*2.671/ 96485.3=1.75*1015, NA is Avogadro's constant 
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(6.02×1023); 
The TOF of CNTs is calculated as follow: 
Number of surface C atom: 
NC=mL/12/NW 
mL is the loading of CNTs, NW is the average number of walls. 
TOF = I NA/ (96485.3n. NC)  
Where NA is Avogadro's constant (6.02×1023); n the the electron transfer number (4 
for O2), I is the current obtained at 1.8 V. 
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3.3 Results and Discussion 
3.3.1 Characterization of CNTs 
  
Figure 3.1. TEM micrographs of CNTs studied. A) CNTs-1, mainly SWNTs (79%) with OD = 
1.97 nm, B) CNTs-2, mainly DWNTs (65%) with OD = 3.3 nm, C) CNTs-3, mainly TWCNTs 
(52%) with OD = 3.8 nm, D) CNTs-4, mainly TWCNTs (57%) with OD =4 nm, E) CNTs-5, 
mainly CNTs with 3-10 walls and OD = 5.1 nm, F) CNTs-6, mainly CNTs with 12 walls and OD = 
13.9 nm, G) CNTs-7, typical MWNTs with the number of walls exceeding 30 and OD = 20-40 
nm. 
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Fig. 3.1 is the TEM micrographs of CNTs samples used in the present study. 
According to the TEM images, no metal NPs were observed, indicating the good 
purity of our CNTs samples. The OD and number of walls were taken as the average 
of the measurement from the TEM images (Fig. 3.2, 3.3). Based on the size 
distribution, the CNTs were categorized as belonging to one of several different 
groups labeled as CNTs-n, where n = 1-7. CNTs-1 mainly consists of SWNTs (79%), 
some DWNTs, and generally occurs as bundles with an average OD of 1.97±0.40 nm 
(Fig. 3.1 A). CNTs-2 are mainly DWNTs (65%) with OD = 3.3±0.89 nm (Fig. 3.1 B), 
while CNTs-4 is similar to CNTs-3 mainly with triple-walled CNTs (TWCNTs, 52-
57%) and OD = 3.8 - 4 nm (Figure 3.1 C and D). As the number of walls increases to 
3-10 (the average number of walls is taken as 7), the OD also increases to 5.1±0.98 
nm for CNTs-5 (Figure 3.1 E). CNTs-6 and CNTs-7 are MWNTs with the number of 
walls exceeding 12 and OD = 15-35 nm (Fig.3.1 F and G). The BET surface areas 
vary from 643-679 m2 g-1 for CNTs-1, 2 and 3 to 175 - 85 m2 g-1 for MWNTs. The 
number of walls, OD and BET surface areas of CNTs used in this study are given in 
Table 3.1. 
Table 3.1. BET, outer diameter, number of walls, ID/IG ratios of CNTs samples. 
CNTs CNTs-1 CNTs-2 CNTs-3 CNTs-4 CNTs-5 CNTs-6 CNTs-7 
Number of walls 
1 (79%) 
2 (16%) 
3 (5%) 
2 (65%) 
3 (23%) 
4 (5%) 
2 (25%) 
3 (52%) 
4 (10%) 
5 (8%) 
3 (57%) 
4 (20%) 
5 (19%) 
3 (5%) 
4 (11%) 
5 (25%) 
6 (17%) 
7 (16%) 
8 (17%) 
9 (9%) 
>12 >30 
 1 2 3 3 7 12> 30> 
Outer diameters 
(nm) 1.97±0.4 3.3±0.89 3.8±0.63 4.0±0.66 5.1±0.98 13.9±5.2 35.2±8.5 
Surface area 
(m2/g) 651 679 643 459 485 174 85 
ID/IG 0.16 0.51 0.76 0.94 1.35 2.50 2.86 
*  is the average of number of walls of CNTs samples, taking as an integer number. 
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Figure 3.2. Distribution of number of walls of CNTs samples. 
 
Figure 3.3. Distribution of outer diameters of CNTs samples. 
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Figure 3.4.  Raman spectra of CNTs with different OD and number of walls. 
Raman spectra provide more details on the CNTs with different sizes and number of 
walls (Fig. 3.4). For CNTs-1, the radial breathing mode (RBM) observed around 
CNTs 200-300 cm-1 is typical characteristics for SWNTs 41-43. For CNTs-2 and CNTs-
3, the intensity of RMB is much smaller and no RMB was observed for large diameter 
CNTs-4, CNTs-5, CNTs-6 and CNTs-7. The Raman spectra show that the intensities 
of the G band (~1590 cm-1) and G’ band (~2700 cm-1) decrease with an increasing 
number of walls and OD. The ratio of the intensities of the D band near 1300 cm-1 to 
the G band, ID/IG are 0.155, 0.51, 0.76, 0.94, 1.35, 2.50 and 2.86 for CNTs-1; CNTs-2, 
CNTs-3, CNTs-4, CNTs-5, CNTs-6 and CNTs-7, respectively. The ID/IG ratio 
increases with the increasing number of walls and OD as multiple graphite layers lead 
to a greater quantity of structural defects26, 27. The dominant RBM peaks and much 
smaller ID/IG observed on CNTs-1 indicate that CNTs-1 is dominated by SWNTs, 
while for CNTs-2 and CNTs-3, the dominant CNTs are DWNTs and TWCNTs, 
respectively. These results are consistent with that of the high resolution TEM images 
as shown in Fig. 3.1.  
Figure 3.5 is the TGA curves of CNTs samples before and after the HCl purification 
treatments. The as received CNTs-1, CNTs-6 and CNTs-7 contain ~2 wt% ash, and it 
is ~5wt% for CNTs-2, CNTs-3, CNTs-4 and CNTs-5. The composition of metal 
elements in CNTs before and after purification was analyzed by ICP, and the results 
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are present in Table 3.2. The trace metal elements in ash contain Fe, Co, Ni and Mo. 
The results indicate that the total amount of trace metals was reduced considerably 
after purification. For example, as-received CNTs-2 and CNTs-3 contain about 2.32 
wt% and 2.02 wt% Co, and after purification, only 0.81 wt% and 0.57 wt% Co were 
detected in CNTs-2 and CNTs-3, respectively. The amount of Mo also is reduced by 
more than 50% after purification.  
 
Figure 3.5. TGA curves of CNTs samples before and after purification treatment. 
Table 3.2. Metal impurities composition in as-received CNTs and purified CNTs by ICP. 
CNTs CNTs-1 CNTs-2 CNTs-3 CNTs-4 CNTs-5 CNTs-6 CNTs-7 
As received 
W/W % 
Ash 1.56 4.82 5.1 5.2 5.16 2.16 2.39 
Co 0.08 2.32 2.02 - 0.5 - - 
Fe 0.43 0.30 0.26 0.29 0.35 0.28 0.54 
Mo 0.04 0.75 0.73 0.79 0.11 - 0.84 
Ni 0.08 0.08 0.04 0.17 0.019 0.25 0.21 
CNTs CNTs-1 CNTs-2 CNTs-3 CNTs-4 CNTs-5 CNTs-6 CNTs-7 
Purified 
W/W % 
Ash 1.21 2.08 2.15 2.54 2.28 2.08 1.83 
Co 0.07 0.81 0.57 - 0.38 - - 
Fe 0.29 0.23 0.23 0.28 0.17 0.21 0.29 
Mo 0.03 0.30 0.27 0.34 0.09 0.01 0.49 
Ni 0.05 0.04 0.03 0.15 0.015 0.2 0.17 
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Figure 3.6. Liner scans voltammetry of as-received CNTs-2 and CNTs-3 and purified CNTs-2 and 
CNTs-3 for OER. The performance was measured at scan rate of 1 mV s-1 in 1 M KOH solution 
with CNTs loading 0.025 mg cm-2. 
Fig. 3.6 is the electrochemical activity for OER on CNTs-2 and CNTs-3 before and 
after purification treatment. The activity of CNTs samples after purification are 
slightly lower than that of as-received CNTs samples before the HCl treatment, 
despite the significant reduction in the trace elements in the as-received CNTs 
samples. For example, as-received CNTs-2 contains 3.45 wt% trace metals such as 
Co, Fe, Mo, and Ni, after HCl purification, the trace metal contents reduced to 1.38 
wt%, 2.5 times lower than that in the received sample. Similar reduction in the trace 
metal elements was also observed for CNTs-3. However, the electrochemical activity 
of CNTs-2 and CNTs-3 for OER before and after purification treatment is close, 
indicating that the presence of trace metals on the electrocatalystic activity of CNTs 
for OER is minor and can be ignored under the conditions of the present study.  
3.3.2 Electrochemical activity for OER 
Fig. 3.7A shows the typical LSV curves of CNTs for the OER measured in 1 M KOH 
solution at rotating rate of 2000 rpm with a scan rate of 1 mV s-1. Fig. 3.7 B and C are 
the plots of the average current densities measured at 1.8 V (vs. RHE) and onset 
potentials of CNT samples based on 3-5 measurements against tube size or the 
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number of walls. The CNTs loading was 0.025 mg cm-2. The electrocatalystic activity 
of CNTs for OER strongly depends on the characteristics of CNTs (i.e., OD and the 
number of walls). The activities for the OER of CNTs-2, CNTs-3 and CNTs-4 are 
significantly higher compared with those of CNTs-1, CNTs-5, CNTs-6 and CNTs-7. 
For the reaction on the CNTs-1, the onset potential is 1.75±0.01 V and the current is 
5.9±1.7 mA cm-2 measured at 1.8 V. When the average number of walls increase to 3 
with a corresponding increase of tube size, i.e., OD=3.8 nm (e.g., CNTs-3), the onset 
potential is shifted to a lower potential 1.64±0.01 V and the current density 
significantly increased to 56±4.7 mA cm-2 at 1.8 V, almost 10 times higher than that 
measured on SWNTs, CNTs-1. However, with a further increase in the number of 
walls (or the tube size), the activity for OER decreases again. For example, for CNTs-
5 with an average 7 walls and OD = 5.1 nm, the onset potential increased again to 
1.73±0.02 V and current density at 1.8 V dropped significantly to 28.7±2.7 mA cm-2. 
In the case of large outer diameter MWNTs (CNTs-7), the onset potential is around 
1.78±0.01 V and current density at 1.8 V is only 1.6±1.8 mA cm-2. Most significantly, 
the activity of CNTs for OER follows distinctive volcano type dependence on the size 
(Fig.3.7 B) or on the number of walls of CNTs (Fig.3.7 C). The most active CNTs for 
the OER in alkaline solution are the ones mainly with 2-7 walls and with a diameter in 
the range of 2-5 nm (Fig. 3.7 B and C).  
The TOF calculated at 1.8 V (vs. RHE) for CNTs with different number of wall and 
50% Pt-C are presented in Fig. 3.7 D. The results show that the TOF increase from 
0.01 s-1 for CNTs-1 to 1.34 s-1 for CNTs-2 and reach the maximum of 2.0 s-1 for CNT-
4 which is about twice of 50% Pt/C with a TOF number of 0.954 s-1. As the number of 
wall increase, the TOF decreases to 1.6 s-1 for the CNTs-5, and the TOF reach 0.67 s-1 
for CNTs-6 when the number of walls is over 12. Similar distinctive volcano type 
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dependence of TOF on number of wall further demonstrate that the most active CNTs 
for the OER in alkaline solution are the ones mainly with 2-7 walls and with a 
diameter in the range of 2-5 nm. 
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Figure 3.7. A) LSV of OER for CNTs measured in 1M KOH at scan rate of 1 mV s-1 with rotating 
rate of 2000 rpm; plots of current density measured at 1.8 V vs RHE and onset potential as a 
function of B) outer diameter (OD) and C) number of walls of CNTs; D) the calculated TOF vs 
number of walls for different CNTs at potential of 1.8 V vs RHE. The catalyst and CNTs loading 
was 0.025 mg cm-2. 
For the purpose of comparison, the activities of activated carbon, graphite, 20%Ru/C, 
50%Pt/C catalysts were measured for OER in alkaline solution under identical 
conditions and the results are given in Fig. 3.8 together with the results on CNT-3 and 
CNTs-4. CNTs-3 and CNTs-4 have a lower onset potential and significantly higher 
current density, as compared with 50% Pt/C, activated carbon and graphite. For 
example, the current density of 56±4.7 mA cm-2 at a potential of 1.8 V for the OER on 
CNTs-3 is 10 times that of 50% Pt/C (5.6±2.1 mA cm-2) and activated carbon 
A) B) 
C) D) 
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(5.8±3.2 mA cm-2), and almost 100 times that of graphite (0.6±1.2 mA cm-2). The 
BET surface area of activated carbon and graphite is 651 and 679 m2 g-1, respectively, 
similar to that of CNTs-3 samples (643 m2 g-1, Table 3.1). This indicates that high 
electrocatalytic activity of CNTs-3 for OER is not due to the high surface area. The 
onset potential of CNTs-3 for OER is 1.64±0.01 V, which is similar with that for 
Pt/C. The state-of-the-art Ru/C catalysts exhibited lowest onset potential of 1.58±0.02 
V, indicating the better activity of Ru/C. However, the current density at higher 
potential is still significantly lower than that measured on CNTs-3 and CNTs-4 might 
because of the super conductivity of CNTs.  
 
Figure 3.8. Linear scans voltammetry of selected CNTs, activated carbon, graphite, 20% Ru-C 
and 50% Pt-C for OER in 1M KOH at a scan rate of 1 mV s-1 with rotating rate of 2000 rpm. The 
catalyst and CNTs loading was 0.025 mg cm-2.  
The electrocatalytic activity of the CNTs for OER was further investigated by 
chronopotetiometry at different current density with CNTs loading of 0.1 mg cm-2, 
measured at a rotating rate of 2000 rpm. The results are shown in Fig.3.9 A. The 
potentials for CNTs-2, CNTs-3, CNTs-4 and CNTs-5 to deliver a current density of 2, 
5, 10, 20 and 50 mA cm-2 are significantly lower than that of CNTs-1, CNTs-6 and 
CNTs-7. For example, the potentials for CNTs-3 to achieve a current density of 2, 5, 
10, 20 and 50 mA cm-2 are 1.64, 1.65, 1.68, 1.7 and 1.76 V respectively. On the other 
hand the potentials for MWNTs, CNTs-6 to achieve a current density of 2, 5, 10, 20 
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and 50 mA cm-2 are 1.74, 1.87, 1.95, 2.4 and 2.6 V, substantially higher than that 
observed on CNTs-3. These results further demonstrate that the electrocatalytic 
activity of CNTs-2, CNTs-3, CNTs-4 and CNTs-5 for OER is superior to CNTs-1, 
CNTs-6 and CNTs-7. The electrocatalytic activity of CNTs composed of between 2-7 
concentric tubes and an outer diameter of 2-5 nm is also comparable with the active 
transition metal oxides 29, 30. For example, the mass specific current density for OER 
on CNTs-3 is 100 A g-1 (i.e., 10 mA cm-2 on CNTs-3 with CNT loading of 0.1 mg cm-
2) at  = 0.45 V (1.68 V vs RHE), which is significantly better than 20 A g-1 reported 
on NiMoO4 catalysts supported on Ni 30 and is comparable with 120 A g-1 for OER 
observed on the nitrogen-doped carbon materials under the same  25. Pristine CNTs 
are inherently very stable and highly conductive, an essential requirement as practical 
electrocatalysts for water oxidation reactions.  
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Figure 3.9. Chronopotentiometry of CNTs in 1 M KOH solution at different current density (mA 
cm-2). The CNTs loading was 0.1 mg cm-2 and the rotating rate was 2000 rpm. Numbers are the 
current density in mA cm-2. 
The stability of CNTs-3 was also compared with 20% Ru/C at current density of 10 
mA cm-2 with CNTs loading of 0.1 mg cm-2 (Fig.3.9 B). The potential to achieve 10 
mA cm-2 for CNTs-3 is around 1.675 V, which is 40 mV higher than 20% Ru/C. Ru/C 
has a lower onset potential and the increase loading for long-term stability testing will 
significantly increase the current density, hence Ru/C can achieve a current density of 
B) A) 
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10 mA cm-2 at lower potential compared with CNTs-3. As the increase of time, the 
potentials to delivery a current density of 10 mA cm-2 for both CNTs-3 and Ru/C are 
remain stable after 12 h, demonstrating pristine CNTs are stable and of potential 
application as practical electrocatalysts for water oxidation reactions.  
3.3.3 Kinetics of OER on CNTs 
Figure 3.10 A is the Tafel plots for the OER on CNTs measured in 1M KOH with 
catalysts loading of 0.025 mg cm-2. For OER, dual Tafel slopes were exhibited by the 
CNTs-2, CNTs-3, CNTs-4 and CNTs-5 catalysts, with a Tafel slope close to ~60 mV 
dec-1 at low  and ~120 mV dec-1 at high . The dual Tafel slopes at low and high  
regions were also reported for the OER on Pt and cobalt electrodes in alkaline 
solutions 3, 31, 32. For the reaction on Ru/C, Tafel slope was 50 mV dec-1 at low, 
similar to the Tafel slopes observed on metal oxide catalysts such as NiOx and (Ni, 
Co)Ox 33, 34. On the other hand, for the OER on CNTs-1, CNTs-6 and CNTs-7, the 
observed Tafel slope is ~140 mV dec-1, substantially higher than that for the reaction 
on CNTs-2, CNTs-3, CNTs-4, CNTs-5 and Ru/C. The Tafel slope of ~60 mV dec-1 
observed for the OER on CNTs-2, CNTs-3, CNTs-4, and CNTs-5 indicates the facile 
initial discharge of an OH- ion on the surface of the outer walls of CNTs, as predicted 
for the first electron transfer step at the metal or metal hydroxide active site in the 
alkaline solution on metal and metal oxide-based catalysts 31, 34, 35. The very high 
Tafel slope, ~140 mV dec-1 observed for the reaction on CNTs-1, CNTs-6 and CNTs-
7 simply implies that the energy barrier for the electron transfer associated with the 
discharge of OH-1 species on the SWNTs and MWNTs is very high. This is evidently 
supported by the extremely low activity of SWNTs and MWNTs for the OER in 
alkaline solutions.  
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Figure 3.10. A) Tafel plots for OER on CNTs and 20% Ru/C catalysts, B) impedance spectra for 
the reaction on CNTs, measured at 1.65 V, and C) electrode polarization resistance, RP of CNTs as 
a function of applied potential. The tests were conducted in 1M KOH solution with catalyst 
loading of 0.025 mg cm-2. 
The electrochemical impedance responses for the OER on CNTs are characterized by 
a single and depressed arc (Fig.3.10 B), similar to that reported for the reaction on 
nickel and cobalt electrode 31, 34. The electrode polarization resistance, RP is related to 
the kinetics of the interfacial charge transfer process. RP for OER measured at a dc 
bias of 1.65 V ( = 0.42 V) on CNTs composed of between 2-7 concentric tubes and 
an outer diameter of 2-5 nm is in the range of 3.6-6.1 Ω cm2, substantially smaller 
than 33 Ω cm2 to 55 Ω cm2 measured on CNTs-1, CNTs-6 and CNTs-7. And the Rp 
of CNTs composed of between 2-7 concentric tubes and an outer diameter of 2-5 nm 
are much less sensitive to the applied dc bias, indicating the high activity of the CNTs 
for the OER (Fig.3.10 C). These results again indicate the much lower energy barrier 
A) B) 
C) 
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for OER on CNTs-2, CNTs-3, CNTs-4 and CNTs-5, as compared to the reaction on 
CNTs-1, CNTs-6 and CNTs-7, consistent with the results from LSV and Tafel slope.  
3.3.4. Electrocatalytic activity of CNTs 
Wang et al showed recently that the trace metal elements in the heteroatom-doped 
graphene are responsible for the catalytic ORR observed 36. In the present study, the 
amount of trace metal impurities (i.e., Co, Fe, Mo, Ni) in the as-received CNTs 
samples are typically in the range of 0.63% for CNTs-1 to 3.45% for CNTs-3 (see 
Table 3.2). After HCl treatment, the total trace metal impurities are reduced to 1.3% 
for CNTs-2, 1.1% for CNTs-3, and 0.44% for CNTs-1. The presence of the trace metal 
impurities after the HCl treatment is mainly due to the fact that milder purification 
treatment was used in this study to avoid the adverse structural modification of CNTs 
associated with harsh oxidation treatment 37. As shown in Fig.3.5 and 3.6, significant 
reduction in the trace metal impurities has little effect on the electrocatalytic activity 
of the selected CNTs for the OER in alkaline solutions. The activity of CNTs-3 for 
OER is almost 10 times higher than that measured on CNTs-1 while the content of 
trace metal impurities of CNTs-3 is 1.1%, about 2.5 times higher than 0.44% on 
CNTs-1. The activity of MWNTs, CNTs-7, is 35 times lower than that of CNTs-3, but 
the trace metal content of CNTs-7 is 0.95%, close to that of CNTs-3 (Table 3.2). 
These results indicate that the presence of trace metal impurities is not responsible for 
the huge difference of activities between CNTs samples.  
Having identified that there is a clear maximum in the catalytic activity of CNTs as a 
function of increasing size or number of walls, it is important to consider whether 
there is a rationale for this observed behavior. As a starting point, the energetics of 
functionalization of CNTs as a function of diameter has been extensively examined 
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for a variety of substituents. For example, it is well documented that processes such as 
the chemisorption of hydrogen on the outside surface of SWNTs is exothermic for 
small diameters, due to the release of strain, and becomes less favorable as the index, 
n, of the armchair nanotube (n,n) increases 38, 39. Based on these, it might be expected 
that the initial reaction of hydroxide, i.e., the discharge of OH-1 species and other 
mechanistic steps that involve adsorption or attachment of OH-1 species to the outside 
of the tubes, are most favorable and therefore fastest for CNTs of smallest diameter. 
Therefore it might be expected that the rate would diminish with increasing CNT size. 
While this is in accord with the limiting behavior observed for larger diameters, it 
fails to explain why CNTs with outer diameter 2-5 nm are far more effective than in 
the single walled CNTs with smaller size. 
The electron transport properties of CNTs can play an important role in the charge 
transfer processes for the OER. The electric properties of SWNTs are sensitive to the 
size and chirality of the tubes. In theory, nearly one-third of the SWNTs are metallic 
or semi-metallic and the other two-thirds are semiconducting 40. The absorption of 
OH- and intermediate species, such as OOH*, could have a significant effect on the 
electronic state of the outer wall of SWNTs as it is well known that covalent sidewall 
functionalization of SWNTs can drastically change the electronic states of nanotubes 
near the Fermi level 41. The covalent functionalization associated with the purification 
of CNTs could disrupt the -electron system, causing the loss of the optical and 
electrical properties of SWNTs. The combined effect of dominant semiconducting 
properties and variation of electronic states by absorption of OH- and other species 
could be responsible for the low activity of the SWNTs (i.e., CNTs-1) for OER and 
fuel cell reactions. 
Unlike SWNTs, the presence of inner walls could increase the number of conducting 
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channels and create the possibility of interactions between the different walls. 
Fujisawa et al. studied the electrical properties of SWNTs and DWNTs and showed 
experimentally that the conduction mechanism strongly depends on the total fraction 
of metallic inner and outer tubes within the DWCNT samples, and the inner tubes 
contribute significantly to the electronic transport properties of DWNTs 42. The outer 
wall can also serve as a protective barrier to prevent endohedral reactions, potentially 
allowing the inner-tube to retain its electronic properties 43. This indicates the 
possibility of the separation of functionality of the outer wall and inner-tubes for the 
OER on DWNTs; the outer wall provides reaction sites for the adsorption and 
dissociation of OH-, OOH*, species, while the intact inner-tube serves as the 
electronic conducting pathway for the charge transfer process of the reaction, 
assuming there is a reasonable distribution of conducting and semi-conducting tubes 
for both outer wall and inner tubes. The electron transfer between the outer wall and 
inner tube could occur by electron tunneling, similar to the electron tunneling through 
thin oxide films as proposed by Damjanovic et al for the OER on Pt 44. This 
hypothesis explains why double/triple-walled CNTs-2, CNTs-3 and CNTs-4 are far 
more effective than single-walled CNTs-1. 
As the number of walls/layers increases, other issues could adversely affect the 
electrocatalytic activity of CNTs. Li et al studied the transparency-conductance 
performance of SWNTs, DWNTs and MWNTs, and found that DWNTs have better 
performance in this regard 45. This was explained by the fact that SWNTs contain 
many semi-conducting nanotubes, while MWNTs materials absorb more photons per 
nanotube due to the large mass density. In the case of OER, the driven force for the 
electron transfer or tunneling between the outer wall and inner tubes is the applied dc 
bias, i.e., the . As the number of walls/layers increases, the dc bias between the outer 
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wall and the nearest inner tube would diminish due to the distribution of the dc bias 
across each layer. Thus, the electron transfer or tunneling from the outer surface to the 
inner tubes could become less favourable as the number of walls/layers increases. 
This appears to be supported by the reduced activity of CNTs-4 and CNTs-5 as 
compared to CNTs-2 and CNTs-3 due to the increased number of walls and the very 
high Tafel slope and high RP for the OER on multi-walled CNTs-6 and CNTs-7. 
3.4 Conclusion 
Here we demonstrated, for the first time, that the electrocatalytic activity of CNTs for 
the OER of water electrolysis in alkaline solutions shows a distinctive volcano-
dependence on the size and/or number of walls of CNTs. CNTs with OD around 2-5 
nm and 2-7 walls have excellent activity, fast kinetics and much lower energy barrier 
for OER in alkaline solutions, as compared with the SWNTs (i.e., CNTs-1) and 
MWNTs (i.e., CNTs-6 and CNTs-7). For example, the activity of TWCNTs (i.e., 
CNTs-3) measured at 1.8 V (vs. RHE) for OER is ~10 times higher than that observed 
on SWNTs and 35 times higher than that on MWNTs. The Tafel slope for the reaction 
on CNTs with OD around 2-5 nm and 2-7 walls is ~60 mV dec-1, substantially lower 
than ~200 mV dec-1 for the reaction on SMCNTs and MWNTs, i.e., CNTs-1, CNTs-6 
and CNTs-7. Such CNTs are also very active as compared to commercial 50% Pt/C 
and 20% Ru/C in alkaline solution. Substantial work needs to be done to 
fundamentally understand the reasons for the volcano-type dependence of the activity 
of CNTs for the OER in alkaline solution. Preliminary results indicate that there may 
exist a dual functionality of CNTs with specific number of walls; the outer wall 
provides reaction sites for the absorption and dissociation of OH-, OOH*, species, 
while the intact inner-tube serves as the effective electronic conducting pathway for 
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the charge transfer process of the reaction via electron tunneling between the outer 
wall and inner tubes. However, such dual functionality of the CNTs for OER 
diminishes as the number of walls increases most likely due to the reduced driving 
force (i.e., the dc bias) across the walls or layers of CNTs for the electron tunneling 
between the outer wall and inner tubes. 
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Chapter 4: Beneath the Surface: the Role of 
Inner Tubes on the Electrocatalytic Activity 
of Pristine Carbon Nanotubes in Alkaline 
Solutions  
4.1 Introduction 
CNTs are seamless cylinders composed of one or more curved layers of graphene 
with either open or closed ends, and have been extensively studied as catalysts 
supports1-3 for its unique properties such as large specific surface area, excellent 
chemical and mechanical properties and high electrical conductivity. Noble metal 
based nanoparticles (NPs) supported on CNTs have been intensively studied as highly 
effective electrocatalysts for the most important electrochemical energy conversion 
and storage reactions such as ORR,4-6 OER7 and HER.8, 9 Base metal oxides or 
hydroxides, such as Co3O4/CoO,2, 10 nickel-iron layered double hydroxides,7 
perovskites,11 and Mn-Co spinels12 are also supported or encapsulated into CNTs or 
doped CNTs as effective and stable catalysts for ORR, OER or HER.  
It is widely known that the electrocatalytic activity for ORR and water splitting 
reactions can be enhanced through doping carbon materials with heteroatoms such as 
N,13, 14 B15 and S.16 The incorporation of electron-accepting nitrogen atoms in the 
conjugated carbon plane provides a four-electron pathway for the ORR on CNTs with 
enhanced performance.17 Waki et al. found that the formation of topological defects 
on the MWNTs through oxidation by refluxing in sulfuric acid and concentrated nitric 
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acid followed by annealing in argon at high temperature can significantly enhance the 
activity for ORR in acid solution.18 Tian et al. reported high activity and stability for 
OER and ORR on N-doped graphene/SWNTs hybrid.19 B-doped graphene also 
demonstrated good electrocatalytic activity for HER.20 Pristine CNTs have been 
evaluated as ORR catalysts in alkaline solutions and ORR on CNTs proceeds through 
two electron process with formation of H2O2.21 However, it is generally believed that 
pristine CNTs without nitrogen-doping would have little electrocatalytic activity since 
the active sites of edge plane exposure alone are far too low for the electrochemical 
reactions such as ORR.21-24  
We recently discovered that CNTs composed of 2-7 concentric tubes or walls have 
very high electrochemical activities for the OER in alkaline solutions as compared 
with typical SWNTs and MWNTs.25 The results indicate that the number of walls of 
CNTs plays a vital role in the electrocatalytic activities of CNTs for ORR. However, 
is this a reaction specific activity or this is a more general and intrinsic property of 
CNTs with 2-7 walls? To answer this fundamental and important question, we studied 
the electrochemical activities of pristine CNTs as a function of number of walls for 
OER, HER and ORR in alkaline solutions. The results demonstrate that CNTs 
composed of 2-7 concentric tubes not only show a significantly better activity for the 
electrochemical oxidation reaction like OER, but also have a much higher activity for 
the electrochemical reduction reactions such as HER and ORR as compared to typical 
SWNTs and MWNTs. 
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4.2 Experimental 
4.2.1 Materials 
CNTs with different number of walls and diameters were obtained from commercial 
sources including Nanostructured & Amorphous Materials, Inc., USA, Beijing Dk 
Nano Technology Co. Ltd and Shenzhen Nano, China. The as-received CNTs were 
purified as reported in chapter 3.25 
4.2.2 Characterization 
The electrochemical measurements were conducted in a three-electrode cell with a 
Luggin capillary, using a Gamery Reference 3000 Potentiostat. The tip of the Luggin 
capillary was placed 3 mm beneath the working electrode. The working electrode was 
prepared as follows that in chapter 3. The ohmic potential drop between the working 
electrode and the tip of the Luggin capillary was estimated by measuring the 
impedance value at the frequency of 30 kHz. A Pt wire and SCE were used as the 
counter and reference electrodes, respectively. Potentials in the present study were 
given versus RHE reference electrode (ERHE = E vs SCE + ESCE + 0.059×pH, where 
ESCE = 0.247V vs RHE at 20 oC). 
For OER, HER and ORR the linear scan voltammetry was conducted at a sweep rate 
of 10 mV s-1 at stirring rate of 1600 rpm with catalysts loading of 0.025 mg cm-2. For 
studying OER and HER, the electrolyte solution was saturated with N2, and for ORR 
studying, the electrolyte was bubbled with O2. Tafel plots were recorded at a sweep 
rate of 1 mV s-1 with the electrode initially conditioned at a potential of 0.65 V (vs. 
SCE) for 5 min before the potential scan. Tafel plots were IR corrected.  
4.3 Results and Discussion 
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4.3.1 Electrocchemical survey of CNTs 
Fig. 4.1 shows the CV of the CNTs measured in 1 M KOH solution. All potentials in 
the present study were given versus RHE reference electrode. Three typical 
electrochemical active regions were observed, which are corresponding to OER at 
1.5-2.5 V, ORR region at 0.2-0.8 V and HER at -0.3 to -0.5 V. The electrocatalytic 
activity of CNTs depends strongly on the properties of CNTs. For OER, CNTs-2 and 
CNTs-3 show significantly higher activity compared to CNTs-1, CNTs-6 and CNTs-
7. Similar trends can also be observed for HER and ORR. The results show that 
electrocatalytic activities of CNTs for OER, HER and ORR are related to the nature 
of CNTs. 
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Figure 4.1. Cyclic voltammetry curves of CNTs measured at scan rate of 10 mV s-1 with catalyst 
loading of 0.025 mg cm-2 in 1 M KOH solution without stirring.  
4.3.2 Electrochemical activity for OER 
The electrocatalytic activity of CNTs for OER, ORR and HER was studied separately 
using LSV in 1 M KOH solution. Fig. 4.2 A shows the LSV of OER on CNTs. The 
electrocatalytic activity for OER varies significantly with the CNTs. The best activity 
was obtained on three walled CNTs, CNTs-3, achieving lowest onset potential of 1.64 
V and highest current density of 160 mA cm-2 at 1.8 V. In the case of SWNTs, CNTs-
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1, the onset potential for OER is 1.75 V and the current density at 1.8 V is 9.6 mA cm-
2, 16 times lower than 160 mA cm-2 measured on CNTs-3. Poor performance was also 
observed on MWNTs. In the case of CNTs-7, the onset potential is 1.78 V and current 
density at 1.8 V is only 3.6 mA cm-2, which is about 44 times smaller than that of 
CNTs-3. CNTs-2, CNTs-4 and CNTs-5 also show significantly higher activity for the 
OER as compared to CNTs-1, CNTs-6 and CNTs-7. Most significantly, the 
electrocatalytic activity (e.g., the current density) of CNTs for OER follows a 
distinctive volcano-shaped dependence on the number of walls of CNTs (Fig. 4.2 B). 
The most active CNTs for the OER in alkaline solution are the ones mainly with 2-7 
walls. 
 
Figure 4.2. (A) LSV curves of OER and (B) corresponding plots of current density measured at 
1.8 V and onset potential as a function of number of walls of CNTs. The scan rate is 0.01 V s-1 at 
rotating rate of 1600 rpm. 
The Tafel slope of ~60 mV dec-1 (Fig. 3.11 A) observed for the OER on CNTs-2, 
CNTs-3, CNTs-4, and CNTs-5 is consistent with the rate determine steps (RDS) for 
OER involveing a chemical step (Eq.2) subsequent to the first electron transfer step 
(Eq.1)26-29 
CNT  +  OH- → CNT-OH + e                                    (1) 
CNT-OH + OH- → CNT-O- + H2O                                 (2) 
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The very high Tafel slope, ~140 mV dec-1 observed for the reaction on CNTs-1, 
CNTs-6 and CNTs-7 simply implies that the energy barrier for the electron transfer 
associated with the discharge of OH-1 species on the SWNTs and MWNTs is higher 
than CNTs-2, CNTs-3, CNTs-4, and CNTs-5. And the RDS on CNTs-1, CNTs-6 and 
CNTs-7 is limited by the first electron transfer step with the adsorption of one OH- 
(Eq (1))26, 27. 
4.3.3 Electrochemical activity for HER 
The CNTs composed of between 2-7 concentric tubes also show significantly better 
activities for HER as compared with SWNTs and MWNTs. CNTs-3 shows the 
highest activity for HER with onset potential of -0.48 V and current density of 21.0 
mA cm-2 measured at -0.6 V (Fig.4.3 A). On the other hand, OER on CNTs-1 and 
CNTs-7 exhibits much lower activity. In the case of CNTs-7, the onset potential is -
0.582 V, more than 100 mV more negative than -0.48 V for the HER on CNTs-3. The 
current density at -0.6 V is 1.3 mA cm-2, 16 times lower than 21.0 mA cm-2 measured 
on CNTs-3. The electrocatalytic activity of CNTs for HER is also characterized by a 
distinctive volcano-shaped dependence on the number of walls (Fig.4.3 B).  
 
Figure 4.3. (A) LSV curves of HER and (B) corresponding plots of current density measured at -
0.6 V and onset potential as a function of number of walls of CNTs. The scan rate is 0.01 V s-1 at 
rotating rate of 1600 rpm. 
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Fig. 4.4 shows the Tafel regions of HER on CNTs electrodes. The Tafel slopes are 
230, 180, 170, 175, 198, 260 and 310 mV dec-1 for CNTs-1 to CNTs-7 respectively. 
The lower Tafel slope of CNTs-3 is consistent with the higher activity for HER on 
CNTs compared with other types of CNTs. In the case of HER in alkaline solution, 
the high Tafel slope of OER can be illustrated on the basis of dual barrier model 
where the charge transfer reaction has to surmount two energy barriers as follow 
CNT + H2O → CNT-H+  + OH-                                   (3) 
CNT-H+ + e → CNT-H                                               (4) 
The HER on CNTs in alkaline firstly involves the deprotonation of H2O to form OH- 
and H+, and then secondly involves the reaction of H+ with an electron on the CNTs 
surface. 
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Figure 4.4. Tafel plots for HER on CNTs. The tests were conducted in 1M KOH solution with 
catalyst loading of 0.025 mg cm-2 and stirring rate of 1600 rpm. 
4.3.4 Electrochemical activity for ORR 
Similar to that observed on OER and HER, the number of walls of CNTs also have 
significant influence on the ORR. Both the half-wave potential and the current density 
measured at 0.8 V indicate that CNTs-2 and CNTs-3 have the best activity for ORR 
(Fig 4.5 A). The half-wave potential for ORR on CNTs-2 and CNTs-3 electrode is 
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0.78 V, 60-70 mV more positive as compared with CNTs-1 and CNTs-7. The current 
density for ORR on CNTs-2 and CNTs-3 is 0.93 mA cm-2 at 0.8 V, which is 7.2 and 
8.2 times of that measured on CNTs-1 and CNTs-7, respectively. The electrocatalytic 
activity of CNTs for ORR as measured by the current density shows identical 
volcano-type relationship as a function of number of walls (Fig.4.5 B), similar to that 
observed for OER and HER. 
 
Figure 4.5. (A) LSV curved of ORR in O2-saturated 1M KOH and (B) corresponding plots of 
current density measured at 0.8 V and half-wave potential as a function of number of walls of 
CNTs. LSV curves were measured in 1M KOH solution at scan rate of 10 mV s-1 with rotating 
rate of 1600 rpm and CNTs loading was 0.025 mg cm-2.  
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Figure 4.6. Tafel slope for ORR on CNTs in O2-saturated 1 M KOH solution with a scan rate of 1 
mV s-1. The tests were conducted in 1M KOH solution with catalyst loading of 0.025 mg cm-2 and 
stirring rate of 1600 rpm. 
The Tafel slopes of CNTs for ORR in Fig. 4.6 are consistent with the activity and 
reveal the electron transfer number. CNTs-3 has a lowest overpotential and highest 
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current density around 0.7-0.85 V, hence a Tafel slope of 44 mV dec-1 obtained, 
indicating the ORR on CNTs-3 is limited by the second electron transfer process. For 
CNTs-2, CNTs-4 and CNTs-5, the Tafel slopes calculated are 50, 48 and 51 mV dec-1 
respectively. However the Tafel slopes for CNTs-1, CNTs-6 and CNTs-7 are 54, 56 
and 59 mV dec-1, which is approaching 60 mV dec-1 indicating the ORR on CNTs-1, 
CNTs-6 and CNTs-7 involve loss of one electron subsequently limited by a chemical 
steps. These results demonstrate that ORR on CNTs-2, CNTs-3 and CNTs-4 is a 2 
electron transfer oxygen reduction process, and the ORR is limited by the second 
electron transfer process (Eq. 7) following (Eq. 5). However, the Tafel slope of 
approaching 60 mV dec-1 is consistent with the ORR on CNTs-1, CNTs-6 and CNTs-
7 is probably limited by the chemical binding of H2O to from HO2 (ads) (Eq. 6) 
following (Eq. 5).  
CNT + O2 + e → CNT-O2-                                (5)                   
2CNT-O2- + H2O → 2CNT-HO2- + O2 + OH-                 (6) 
CNT-O2- + H2O + e → CNT-HO2- + OH-                     (7) 
4.3.5 Comparison of electrochemical activity of CNTs with Pt/C 
Fig. 4.7 compares the electrocatalytic activity of best performed CNTs, CNT-3 and 
commercial Pt/C catalysts in a 1 M KOH solution. The results show that the 
electrocatalytic activity of CNTs-3 for OER is significantly higher than Pt/C. For 
OER on Pt/C, the onset potential is 1.63 V and the current density at 1.8 V is 15 mA 
cm-2, significantly lower than 160 mA cm-2 for the reaction on CNTs-3. On the other 
hand, Pt/C shows a much better activity for HER and ORR. The half wave potential 
for ORR and the onset potentials for HER are 0.9 V and 0 V respectively, which is 
significantly positive, as compared with 0.863 V and -0.48 V measured on CNTs-3. 
These results in turn indicates that CNTs with 2-7 walls have an excellent 
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electrocatalytic activity for electrochemical oxidation reactions like OER, but 
relatively poor electrocatalytic activity for the electrochemical reduction reactions 
such as HER and ORR in alkaline solutions, as compared to Pt/C catalysts. 
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Figure 4.7. LSV curves of CNTs-3 and 20% Pt/C electrocatalysts, measured at scan rate of 10 mV s-1 
in 1 M KOH solution without stirring. ORR was measured in O2-saturated 1M KOH solution. Pt and 
CNTs-3 catalyst loading was 0.025 mg cm-2. 
4.3.6 Electrochemical chemistry of CNTs 
The results identified that there is a clear maximum in the catalytic activity of CNTs 
for OER, HER and ORR as a function of number of walls or size of CNTs. The 
electrocatalytic activities of CNTs with number of walls of 2-7, i.e., CNTs-2, CNTs-3, 
CNTs-4 and CNTs-5 are significantly higher than typical SWNTs and MWNTs, i.e., 
CNTs-1, CNTs-6 and CNTs-7 for OER, ORR and HER. Such distinctive volcano-
type dependence of electrocatalytic activity of CNTs is not related to the specific 
surface area nor the surface defects or size of CNTs. For example, the BET surface 
area of CNTs-1 is 651 m2 g-1, similar to 679 and 643 m2 g-1 of CNTs-2 and CNTs-3 
(Table 3.1). However, CNTs-2 and CNTs-3 show much higher activity for OER, ORR 
and HER when compared with CNTs-1 (Fig.4.2, 4.3 and 4.5). Both theoretical and 
experimental investigations have indicated that the affinity of CNTs with water 
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molecule or OH group increases with decreasing the diameter of CNTs due to the 
increased misalignment of π-orbitals.30-32 Therefore, the increased electrocatalytic 
activity from CNTs-1 to CNTs-3 cannot be ascribed to the increase of size of CNTs. 
Though the surface defects of MWNTs such as CNTs-6 and CNTs-7 are significantly 
higher as compared to CNTs-2 and CNTs-3 (e.g., the ID/IG ratio of CNTs-6 and 
CNTs-7 is 2.5-2.86, much higher than 0.51-0.76 of CNTs-2 and CNTs-3), CNT-6 and 
CNTs-7 show the lowest catalytic activity for OER, HER and ORR.  
The distinctive volcano-shaped dependence on CNTs also cannot be explained based 
on the presence of some impurities after the purification treatment. Rather milder 
purification treatment was used in this study in order to avoid the adverse structural 
modification of CNTs associated with harsh oxidation treatment.33 However, as 
shown for the ORR,25 significant reduction in the trace metal impurities has little 
effect on the electrocatalytic activity of the selected CNTs (Fig. 3.6). For example, the 
activity of MWNTs, CNTs-7, is 44 times lower than that of CNTs-3, but the trace 
metal content of CNTs-7 is 0.95%, close to that of CNTs-3 (Table 3.2). Thus, the 
substantially increased catalytic activity of CNTs with 2-7 walls cannot be contributed 
to the surface defects of CNTs as well as the trace metal impurities. Therefore we 
argue that the distinctive volcano-shaped activity curves for OER, HER and ORR on 
CNTs are a clear indication of an intrinsic property of CNTs and the critical role of 
inner tubes on the electrocatalytic activity of CNTs. 
The exact mechanism for the high electrocatalytic activity of CNTs with 2-7 walls is 
not clear at this stage. However, the most likely reason for the high activity of double 
walled CNTs and three walled CNTs (i.e., CNTs-2, CNTs-3 and CNTs-4) as 
compared to SWNTs (i.e, CNTs-1) is the effective separation of the functionality of 
the outer wall and inner tubes; the outer wall provides reaction sites for the adsorption 
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and dissociation of OH-ads, O2,ads, Oads species for the electrochemical reactions, while 
the protected inner-tubes serve as the effective electronic conducting pathway for the 
charge transfer process of the reaction. Fujisawa et al. studied the electrical properties 
of SWNTs and DWNTs and showed experimentally that the inner tubes contribute 
significantly to the electronic transport properties of DWNTs.34 Li et a synthesized 
carbon nanotube-graphene complexes through partially unzipping few outer walls of 
CNTs and attributed the observed high activity for ORR as the results of its high 
activity sites of the abundant edges and defects of the unzipped outer walls and the 
less damaged and electrically conducting inner tubes.35 The effective electron transfer 
between the outer wall and inner tubes could occur by electron tunneling under the 
electrochemical polarization driving force, similar to the electron tunneling through 
thin oxide films as proposed by Damjanovic et al for the OER on Pt.36 Fig. 4.8 shows 
schematically the role of the effective electron transfer between outer wall and inner 
tubes on the OER, HER and ORR on DWNTs.  
 
Figure 4.8. Schematic of electron transfer pathway for OER, HER and ORR through electron tunneling 
effect on DWNTs. 
Evidently, such separation of the functionality and electron transfer between the outer 
wall and inner tubes would not be possible for SWNTs. The proposed mechanism 
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implies that the electron transfer between the outer wall and inner tubes would 
strongly depend on the distribution of the driven force, the applied polarization 
potential across the inner tubes. Thus, in the case of MWNTs, the driving force of 
polarization potential for the electron transfer or tunneling between the outer wall and 
inner tubes would decrease with the increase in the number of inner tubes. Thus, the 
electron transfer or tunneling between the outer surfaces to the inner tubes could 
become less favourable as the number of walls/layers increases. This hypothesis 
explains why double/triple-walled CNTs-2, CNTs-3 and CNTs-4 are far more active 
for the electrochemical reactions than MWNTs, CNTs-6 and CNTs-7. 
In alkaline conditions, the OER, ORR and HER can be written as follows: 21, 37, 38 
OER:  4OH- → O2 + 2H2O + 4e           (8) 
ORR:  O2 + H2O + 2e → HO2- + OH-               (9) 
HER:  H2O + 2e → H2  + 2OH-         (10) 
The electrochemically active species for OER is OH-, while for ORR and HER, it is 
O2 and H2O molecules, respectively. The origin of the overpotential or barrier of an 
electrochemical reaction can be directly linked to the proton and/or electron transfer 
to the adsorbed reaction species bonded to the surface of the electrocatalysts, which in 
turn depends on the interaction energy between the species and catalyst surface. As 
shown by Norskov et al. for the ORR, Pt is very close to optimum and metals that 
have either stronger or weaker bonding of oxygen than Pt are poor ORR catalysts.39 
The interaction energy of water with CNT surface is very weak due to the inert nature 
of pristine CNTs and the extension of the nanotubes have modest effect on the 
interaction energies.40 The weak bonding of water molecules indicates that barrier for 
HER would be large. This is evidently confirmed by the very high Tafel slopes of 
170-310 mV dec-1 for HER on CNTs under the conditions of the present study (Fig. 
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4.4), which is substantially higher than 74 mV dec-1 observed on Co38 and 75 mV dec-
1 on Pt in alkaline solutions.41 ORR on CNTs is similar to that on glassy carbon and 
characterized by two-electron transfer process with the formation of hydrogen 
peroxide intermediates (Fig.4.6). In the case of OER in alkaline solutions, the 
discharge of the OH- species would be relatively easy due to the high affinity of OH- 
ions on CNTs, and hence, kinetically OER is more favourable on the surface of the 
CNTs25 as compared to ORR and HER.  
As shown above, the electrocatalytic activity of pristine CNTs is substantially 
different for OER, ORR and HER in alkaline solution, but shows remarkably identical 
volcano curves as a function of number of concentric tubes or walls. This shows that 
such volcano-type dependence of the electrocatalytic activity of CNTs is not related to 
the interaction energies between the reactive species and the surface of CNTs or 
surface active sites. This in turn implies that the nature of such volcano curves is 
originated from the effect of inner tubes on the electron charge transfer via the 
tunneling effect, very different from origin of the well know volcano curves for the 
ORR and HER as reported by Norskov.39, 42 Such inner tube effect of CNTs deserves 
a further comment that promotion effect of inner tubes could lead to the development 
of new electrocatalysts for electrochemical energy conversion and storage 
technologies. 
 
4.4 Conclusion 
Here, CNTs with wide range of number of walls were studied for OER, HER and 
ORR in alkaline solution. The electrocatalytic activity of CNTs for the OER in 
general is substantially higher than HER and ORR, as compared to Pt/C catalysts. 
Despite the substantial differences in electrocatalytic activity, CNTs show almost 
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identical distinctive volcano-shaped dependences on the number of walls for OER, 
HER and ORR. CNTs with 2-7 walls have significantly higher electrochemical 
activity than typical SWNTs and MWNTs. The much better activity of CNTs with 2-7 
walls is most likely due to the separation of functionality of outer wall and inner tubes 
and the fast electron transfer between the outer wall and inner tube through electron 
tunneling. The universal volcano-shaped dependence of the electrocatalytic activity of 
CNTs as a function of number of walls clearly demonstrates that the high activity of 
CNTs with 2-7 walls is an intrinsic property of CNTs beyond the active or defect sites 
on the surface of CNTs. The finding explores a new possibility to develop highly 
active and stable electrocatalysts by manipulating the quantum effect of CNTs.  
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Chapter 5: Oxygen Evolution Reaction on 
Pristine Carbon Nanotubes: Kinetics and 
Mechanism  
5.1 Introduction  
Water splitting is greatly constrained by the high overpotentials and sluggish of OER 
1-3 because it is thermodynamically and kinetically unfavorable for removing of four 
electrons to form oxygen-oxygen double bond 3-5. RuO2 and IrO2-based electrodes are 
considered as the-state-of-the-art catalysts for OER due to their relatively low redox 
potentials (ca. 1.39 and 1.35V vs. RHE respectively) and high conductivity3, 6, 7. 
However, the poor stability in base (generally suffering slow dissolution in alkaline 
solution) and the high price of RuO2 and IrO2-based catalysts are the main obstacles 
that hinder their application1, 8. Hence base metals were incorporated with noble 
metals to reduce the cost and improve the OER activity9-12. Pyrochlore-type and 
delafossite-type oxides containing precious metal, with general formula A2[B2-xAx]O7-
y, A=Pb or Bi, B=Ru or Ir, 0<x<1 and 0<y<0.5, have demonstrated outstanding 
activity towards OER 11, 13-15. Base metal (Co, Fe, Ni, Mn) based oxides16-18 or 
hydroxides layers19-21 and spinels22, perovskites23-25 generally outperform precious 
metal materials in terms of overpotential and stability as well as being lower cost in 
alkaline solution26, 27. Among them, Ni-Fe double oxides or hydroxides are known as 
one of the best non-noble systems for OER in alkaline solution and the activity are 
comparable to that of RuO2 and IrO218, 28-32. The efficiency of OER catalysts is still 
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one of the main barriers for the viability of energy storage via water-splitting even 
though huge amount of efforts were devoted.   
CNTs are intensively studied as catalysts supports for ORR 33-36, fuel oxidation 37-39 
and water splitting40, 41 for its unique properties such as large specific surface area, 
excellent mechanical and electrical properties. Carbon nanotube-metal hybrids for 
OER are attracting increasing interests recently 29, 42. Wu et al. synthesized a hybrid 
consisting of Co3O4 nanocrystals supported on SWNTs via a simple self-assembly 
approach. The Co3O4/SWNTs hybrid electrode for the OER exhibits enhanced 
catalytic activity as well as superior stability under neutral and alkaline conditions 
compared with unsupported Co3O443. Ultrathin nickel-iron layered double hydroxide 
nanoplates supported on oxidized MWNTs achieved a current density of 10 A g-1 at  
= 0.228 V in 1.0 M KOH with catalysts loading of 0.25 mg cm-2 29. Polyoxometalates 
(POM) supported on CNTs exhibit enhanced activity for oxygen evolution from water 
under dark or illuminated conditions44. Recently, metal free OER catalysts are 
attracting increasing interests. Zhao et al showed that nitrogen-doped carbon material 
for oxygen evolution in alkaline media, and the material generated a current density of 
10 mA cm−2 at the overpotential of 0.38 V, comparable to those of iridium and cobalt 
oxide catalysts and the authors claim these catalysts are the best among the non-metal 
oxygen evolution electrocatalyst. The electrochemical and physical studies indicate 
that the high oxygen evolution activity of the nitrogen/carbon materials is from the 
pyridinic-nitrogen- or/and quaternary-nitrogen-related active sites45. Tian et al. 
reported N-doped graphene/single walled CNTs hybrid for both ORR and OER46. 
Borghei et al. synthesized a high catalytic activity nitrogen-containing FWCNTs (N-
FWCNTs)  with low nitrogen content (∼0.5 at.%) by pyrolysis of few-walled CNTs 
(FWCNTs) with polyaniline at high temperatures, and the resulting N-FWCNTs 
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showed remarkable electrocatalytic activity for ORR, HER and hydrogen peroxide 
decomposition compared to larger multi-walled nanotubes47. However, it is generally 
believed that pristine CNTs without nitrogen-doping or supported metal or metal 
oxide nanoparticles (NPs) would have little electrocatalytic activity for the water 
oxidation reactions. In chapter 3, We demonstrated that CNTs composed of 2-7 
concentric tubes with an OD of 2-5 nm have very high electrochemical activities for 
the OER in alkaline solutions compared with typical single walled CNTs and multi 
walled CNTs, and we propose that the difference OER activity of different CNTs is 
because of the electron transfer tunneling effect between the outer wall and the inner 
tubes48. Here, various CNTs are selected and the detailed electro-kinetics of OER on 
CNTs was studied in acid, neutral buffer and alkaline solutions, and the mechanism of 
OER was divulged.  
5.2 Experimental   
5.2.1 Materials 
CNTs with different number of walls and diameters were obtained from commercial 
sources including Nanostructured & Amorphous Materials, Inc., USA, Beijing Dk 
Nano technology Co., LTD, China and Shenzhen Nano, China. The as-received CNTs 
were purified follow the procedure in chapter 348. The purified CNTs were dried and 
collected for further test. KOH (Sigma-Aldrich), KHPO4 (Sigma-Aldrich), KH2PO4 
(Sigma-Aldrich), Nafion solution (Sigma-Aldrich, 5% in isopropanal and water) were 
received and used without further treatment.  
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5.2.2 Characterization  
The electrochemical measurements were conducted in a typical three electrode cell 
with a Luggin capillary. The tip of the Luggin capillary was placed 3 mm beneath the 
working electrode. The ohmic potential drop between the working electrode and the 
tip of the Luggin capillary was estimated by measuring the electrode resistance at 30 
kHz49. A Pt wire and SCE were used as the counter and reference electrodes, 
respectively. All potentials in the present study except specified were given versus 
RHE reference electrode (ERHE= ESCE + 0.245 + 0.059pH). The cyclic voltammetry 
(CV) were conducted at 10 mV s-1 in the potential range between 0-1.25 V (vs. SCE) 
in 1.0 M KOH, 0-2 V (vs. SCE) in 0.5 M H2SO4 and neutrual solution (pH 7 buffer 
solutions). IR-corrected Tafel plots were recorded at a sweep rate of 1 mV s-1 with the 
electrode initially conditioned at current density of 0.5 mA cm-2 for 5 min before the 
potential scan50. The pH dependence studies were carrying out in 0.5 M buffer 
solution (in the pH range of 1-13, 0.4 M KHPO4 and 0.1 M KH2PO4 mixture, the pH 
slightly adjusted by adding 2 M KOH solution) with the addition of KNO3 to keep the 
ionic strength as 1.0 M, and the studies in alkaline solution and acid solution were 
carry out with addition of KNO3 to keep the ionic strength as 1.0 M without buffer 
solution when the concentration of acid or alkaline are less than 1.0 M, pure H2SO4 
and KOH solution were used when the concentration equal or over 1.0 M. The 
reaction order was obtained by current density at fixed potential (in low overpotential 
region, 1.3 V vs SCE in acid and neutral solutions, and 0.7 V vs SCE for 10-3 to 1.0 M 
KOH solutions and 0.6 V vs SCE for 2-10.0 M KOH solutions). All the 
electrochemical tests mentioned above were conducted on a rotating disk electrode 
with a rotation rate of 1600 rpm to avoid the formation of bubbles from the evolved 
O2 at the electrode surface, and the catalyst loading is 0.025 mg cm-2. 
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5.3 Results and discussion  
5.3.1 OER activity of CNTs in acid, neutral and alkaline solutions 
Fig. 5.1 shows the cyclic voltammetry curves of CNTs measured in 0.5 M H2SO4, 
neutral and 1.0 M KOH solution at scan rate of 10 mV s-1 with a mass loading of 
0.005 mg and stirring rate of 1600 rpm. The results indicate that CNTs-2, CNTs-3 and 
CNTs-4 have a lower onset potential and higher current density at lower overpotential 
compared with conventional single walled CNTs (CNTs-1) and multi walled CNTs 
(CNTs-7) in alkaline, neutral as well as acid solution. For example, the onset 
potentials are observed around 1.75 V in 0.5 M H2SO4 solutions for CNTs-2, CNTs-3 
and CNTs-4, and the current density significantly increase around 2.0 V, and the onset 
potential for OER is observed around 1.9 V for CNTs-1 and CNTs-6, which is much 
higher than that of CNTs-2, CNTs-3 and CNTs-4. In neutral condition, the onset 
potential is around 1.9 V for CNTs-2, CNTs-3 and CNTs-5 lower than that of CNTs-
1, CNTs-6 and CNTs-7 which are observed around 2.0-2.05 V. The OER activities of 
CNTs in 1.0 M KOH is significantly higher than that observed in acid and neutral 
solutions. In 1.0 M KOH solution, the OER starts around 1.65 V for CNTs-2, CNTs-3 
and CNTs-4, and the current densities quickly rise around 1.65-1.7 V. While the  OER 
on CNTs-1 and CNTs-6 and CNTs-7 is commenced around 1.75 V, but an increase of 
current densities are only observed when the potential is over 2.2 V, demonstrated the 
activity for OER on CNTs-2, CNTs-3 and CNTs-4 are significantly higher than that of 
CNTs-1, CNTs-6 and CNTs-7, consistent with the reported results48. More interesting, 
the activity of CNTs for OER follows a volcano type dependence on the number of 
walls/OD of CNTs in all conditions and the most active CNTs for the OER are the 
ones with 2-8 walls and with a diameter in the range of 2-5 nm. 
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Figure 5.1. A) cyclic voltammetry of OER for CNTs measured in A) 0.5 M H2SO4, C) pH 7 buffer 
solution, E) 1.0 M KOH, and plots of current density measured as a function of number of walls of 
CNTs in B) 0.5 M H2SO4 measured at 2.1 V, D) pH 7 buffer solution measured at 2.1 V, F) 1M KOH 
measured at 1.7 V. The catalyst loading are 0.025 mg cm-2, the stirring rate is 1600 rpm, and the scan 
rate is 10 mV s-1. 
5.3.2 The pH dependant activity of CNTs 
The activities of CNTs for OER have been found to be critically related to the pH of 
the solution. Fig. 5.2 show the potential to achieve an OER current density of 0.5 mA 
cm-2 for CNTs-1, CNTs-3, CNTs-4 and CNTs-7 catalysts for OER in solutions with 
pH ranging from 0-14. The results indicate that the potentials to achieve a current 
density of 0.5 mA cm-2 change with the pH, and the trends of different CNTs are 
similar, and the potential for CNTs-3 and CNTs-4 are much lower than that of CNTs-
Chapter	5	 	106	
 
1 and CNTs-7 under all conditions. The potentials are in the range of 1.9-2.05 V in 
0.8 M H2SO4 and slightly decrease to 1.85-1.97 V with the increase of pH in the range 
of 0 to 4. Then the potentials increase gradually from 1.85 to 2.05 V for CNTs-3 and 
CNTs-4 and 1.97 to 2.17 V for CNTs-1 and CNTs-6 when the solution pH increases 
from pH=4 to 9.35. Around pH=10, the potentials start to drop as the increase of pH, 
and the potentials to delivery a current density of 0.5 mA cm-2 are around 1.65 V for 
CNTs-3 and CNTs-4, 1.75 V for CNTs-1 and CNTs-6 at pH 14 (1.0 M KOH 
solutions), indicating the increase in the electrocatalytic activity of the catalysts for 
OER with the increase of the concentration of OH- (COH). These results demonstrate 
that the OER activity on CNTs is sensitive to the COH.  
 
Figure 5.2. The potential to achieve a current density of 0.5 mA cm-2 in the whole pH range from 0 to 
14. The catalyst loading are 0.025 mg cm-2 and the stirring rate is 1600 rpm. 
Table 5.1 Kinetics parameters of CNTs-1, CNTs-3, CNTs-4 and CNTs-6 under different conditions 
Materials Parameters Acid Neutral alkaline 
10-3-0.1 0.1-1 2-10 
CNTs-1 Tafel slope (mV/dec) 240 204 240 120 60 
Reaction order 0 0.03 0.5 1 1 
CNTs-2 Tafel slope (mV/dec) 240 204 110 58 45 
Reaction order 0 0.13 1 1 2 
CNTs-4 Tafel slope (mV/dec) 240 204 110 63 47 
Reaction order 0 0.09 1 1 2 
CNTs-6 Tafel slope (mV/dec) 240 204 240 120 60 
Reaction order 0 0.03 0.5 1 1 
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5.3.3 Tafel slope and reaction order 
 
Figure 5.3. Tafel plots for OER on CNTs-1, CNTs-3, CNTs-4 and CNTs-6 in H2SO4 solutions. A) 1.0 
M, B) 0.5 M, and C) 0.1 M. 
 
Figure 5.4. Tafel plots for OER on CNTs-1, CNTs-3, CNTs-4 and CNTs-6 in buffer solution A) pH 7 
and B) pH 8. 
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Figure 5.5. Tafel plots for OER on CNTs-1, CNTs-3, CNTs-4 and CNTs-6 in A) 0.01 M, B) 1.0 M and 
C) 10.0 M KOH solutions 
 
The Tafel behavior, especially the Tafel-slope, is an important kinetic parameter to 
reveal changes in the apparent OER mechanism. The effects of solution pH/OH- 
concentration on the rate determine steps were also investigated. The steady state 
polarization for OER on CNTs-1, CNTs-3, CNTs-4 and CNTs-6 was evaluated as 
function of potential in acid, neutral and alkaline solutions with stirring rate of 1600 
rpm. A high ionic strength was maintained with 1.0 M ions by adding KNO3 to avoid 
diffusing double layer effects 50-52. The Tafel slopes of CNTs for OER in acid and 
neutral solution closes to 240 mV dec-1 (Fig. 5.3 and 5.4), indicating the low activity 
and slow kinetic of OER on CNTs in both acid and neutral solutions. The Tafel slopes 
are very sensitive to the COH, and a significant decrease of Tafel slope was observed 
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as the increase of the COH. A Tafel slope of 110 mV dec-1 was obtained for CNTs-3 
and CNTs-4 in 0.001 M KOH solutions, significantly lower than that of CNTs-1 and 
CNTs-6 (205 mV/dec) at same condition (Fig. 5.5 A), revealed the difference of rate 
determine step (RDS) on different type of CNTs. As the concentration of KOH 
increase to 1.0 M, a Tafel slope of 60 mV dec-1 at lower overpotential and a Tafel 
slope approaching 120 mV dec-1 at higher overpotential were observed on CNTs-3 
and CNTs-4, and a Tafel slope of 120 mV dec-1 was observed on CNTs-1 and CNTs-6 
(Fig. 5.5B). The Tafel slopes decreased to around 40 mV dec-1 for CNTs-3 and CNTs-
4 and 60 mV dec-1 for CNTs-1 and CNTs-6 in 10.0 M KOH solutions, indicating the 
increase of activity (Fig. 5.5C). The results suggest the nature of the rate determine 
step (RDS) is highly related with the COH in solution. A Tafel slope of 120 mV dec-1 
in 0.001 M KOH implying the rate of OER is limited by the first electron transfer 
step. The Tafel slope of 40 mV dec-1 in 10.0 M KOH indicates the second electron 
transfer step is the rate-determining step. The Tafel slope of 60 mV dec-1 predicting 
the OER involves a chemical step subsequent to the first electron transfer step in 1.0 
M KOH solution4, 53. 
 
Figure 5.6. Reaction order for OER on CNTs-1, CNTs-3, CNTs-4 and CNTs-6 in A) 0.1-1.0 M H2SO4, 
obtained at 1.3 V vs SCE and B) pH 5-7 buffer solutions, obtained 1.3 V vs SCE. 
The dependence of reaction rate on OH- or H- strength was investigated by controlled 
potential electrolysis at lower overpotentials regions. KNO3 was added to each 
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solution to preserve a constant ionic strength of 1.0 M when the pH adjusted from 0-
14 to eliminate the diffuse double layer effects50, and buffer solution were prepared 
when the reaction order acquired in under pH 4-8. In acid solutions, the reaction order 
in H+ activity is 0.13, 0.09, 0.03 and 0.03 for CNTs-3, CNTs-4, CNTs-1 and CNTs-6 
respectively (Fig. 5.6 A), yielded an approaching zeroth-order dependence on proton. 
These results demonstrated that the activity of CNTs is not sensitive to the change of 
H+ concentration over the range of 0.4-2 M. The reaction order is about 0.2 for the 
CNTs in neutral buffer solutions as show in Fig. 5.6 B. In alkaline solutions, the 
reaction order is close to integer and varies with the change of OH- concentration. For 
CNTs-1 and CNTs-6, two typical reaction order were observed with a number of 
approaching 0.5 when the OH- in the range of 10-3 to 0.1 M and a number 
approaching to 1 when the OH- in the range of 0.1-10.0 M (Fig. 5.7 A and B), which 
is consistent with the change of Tafel slope with OH- concentrations, indicating the 
different kinetics and RDS steps for OER. Similar phenomenon was obtained for 
CNTs-3 and CNTs-4. A reaction order of 1 was obtained when the OH- concentration 
in the range of 10-3 to 1.0 M, and a reaction order of 2 were observed with OH- range 
from 2-10.0 M (Fig. 5.7 C-E). The change of reaction order indicating the mechanistic 
change of OER on CNTs with the OH- concentration, consistent with the change of 
Tafel slopes. 
The change of OER mechanism was also supported by the OH-/pH dependence of 
steady-state electrode potential at constant current density of 0.5 mA cm-2 (Fig. 5.8). 
Fig. 5.8 A shows the OH-/pH dependence of potential (əE/ əpH) over the pH range of 
4-8, a slope of around 30 mV/pH was obtained, indicating the activity decrease with 
the increase of pH. Fig. 5.8 B shows that OH-/pH dependence of potential (əE/əaOH-) 
over the OH- concentration of 10-3 to 1.0 M, in the case of CNTs-1 and CNTs-6, a 
slope approaching -120 mV/pH was obtained. While a change of əE/əaOH- were 
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observed for CNTs-3 and CNTs-4, a slope of -120 mV/pH were observed over the 
OH- concentration of 10-3 to 10-2 M and a slope of -56 mV/pH over the OH- 
concentration of 0.01-1M, further demonstrated the change of OER mechanisms.  
 
Figure 5.7. Reaction order for OER in alkaline solutions. A) 10-3 -0.1 M KOH solutions, obtained at 
0.8 V vs SCE; B) 0.1-10.0 M KOH solutions for CNTs-1 and CNTs-6, obtained at 0.7 V vs SCE; C) 
10-3 -0.1 M KOH solutions, obtained at 0.8 V vs SCE; D) 0.1-1.0 M KOH solutions, obtained at 0.7 V 
vs SCE, E) 2-10.0 M KOH solutions, obtained at 0.6 V vs SCE. 
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5.3.4 Oxygen evolution reaction mechanism 
Tafel slope behavior describing the effect of potential, E, or overpotential, η, on 
steady-state current density, along with experimentally determined reaction orders, 
forms the basic mechanistic analysis of OER on CNTs. The Tafel slope and the 
reaction order were summarized in Table 5.1. All the CNTs show very high Tafel 
slope approaching 240 mV dec-1 with a zeroth reaction order dependence on proton 
for OER in acid and neutral conditions. The OER kinetics is sensitive to the COH, and 
CNTs composed of between 2-7 concentric tubes show significantly lower Tafel 
slopes and higher reaction order at same alkaline conditions. A Tafel slope closing to 
40 mV dec-1 and a reaction order of 2 were obtained under 2-10 mol L-1 KOH 
solutions for CNTs composed of between 2-7 concentric tubes (CNTs-3 and CNTs-4), 
while a Tafel slope of 60 mV dec-1 and reaction order of 1 were observed for typical 
single walled CNTs and multi walled CNTs, CNTs-6 and CNTs-1 respectively, at the 
same condition. A 120 mV dec-1 Tafel slope and reaction order of 1 were recorded 
under 10-3-10-1 M KOH, pH 11-13, for CNTs-3 and CNTs-4, compared with a Tafel 
slope of 240 mV dec-1 and a reaction order of 0.5 for CNTs-1 and CNTs-6. These 
results demonstrate the kinetics varies with different types of CNTs and also pH/COH 
revealing the OER mechanism on CNTs. The reaction order at constant potential 
(əE/əlog j)pH and constant current density (əE/ əpH)j are related to the Tafel slope and 
can be expressed as follow: 
              (1) 
For example, substituting (əE/ əpH)j = -56 mV/pH (Fig. 5.6 B) and (əE/ əlog j)pH = 60 
mV dec-1 (the Tafel slope in Fig.5.6 D) into eq. 1 gives the (əlogj/ əaOH-)E = 1. These 
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are also supported by the results obtained in neutral solution and OH- ranging from 
10-3 to 1.0 M, revealing the self-consistency of kinetics parameters.  
 
Figure 5.8. pH or aOH- dependence of steady-state electrode potential at constant current density (0.5 
mA cm-2) 
Extensive mechanistic studies have been performed to study the OER on Pt surface 
under acidic and alkaline solutions. The proposed reaction for the OER under acidic 
conditions involves water binding to the surface and irreversible removal of one 
electron and one proton to form platinum hydroxides, yield a Tafel slope of 117 
mV/dec. In alkaline conditions, the rate-determine step involves the removal of one 
proton and one electron from platinum hyoxides to form a surface oxide species 
(Tafel slope of 46 mV/dec) 52, 54-56. The shift in mechanism across a wide pH range is 
attributed to the kinetic facility of oxidizing hydroxide relative to water 52, 55, 57. The 
shift of mechanism in acid and alkaline solution was also observed on Rh, Pt-Rh 
surface, where a Tafel slope of 60 and 120 mV dec-1 were obtained in acid solution 
and a Tafel slope of 40 and 40 mV dec-1 observed in alkaline solutions respectively53. 
However, Ir and Ru elctrode exhibits a Tafel slope of 40 mV dec-1 both in acid and 
alkaline solutions 53, 58, which is because Ir and Ru are considered the best catalysts 
for splitting H2O molecules. Recently, D. G. Nocera group reported a functionally 
stable manganese oxide oxygen evolution catalyst in acid, neutral and alkaline 
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conditions, in the alkaline pH regime, a ～60 mV dec-1 Tafel slope and first-order 
dependence on proton concentration were observed, whereas the OER in acid 
conditions exhibited a quasi-infinite Tafel slope of 653 ± 166 mV dec-1 and zeroth-
order dependence on proton concentration. The results reflect two competing 
mechanisms: a one-electron one-proton pathway that is dominant under alkaline 
conditions and a Mn3+disproportionation process, which predominates under acidic 
conditions. At neutral pH, competition between these two mechanisms resulted in a 
half-order dependence on proton concentration and Tafel slopes that are intermediate 
to those observed for the limiting acidic and alkaline regimes59. 
 
Figure 5.9. Schematic of electron transfer pathway for OER through tunneling effect on CNTs 
Table 5.1. Onset potential and current density of CNTs in acid, neutral and alkaline solutions. The 
current density is obtained at 2.1 V vs RHE in acid and neutral conditions, and 1.7 V in alkaline.  
Materials Parameters Acid Neutral alkaline 
CNTs-1 Onset potential 1.85 2 1.75 
Current density 7.3 0.76 13 
CNTs-2 Onset potential 1.78 1.9 1.67 Current density 13.74 1.8 112 
CNTs-3 Onset potential 1.77 1.84 1.64 Current density 15.4 2.6 125 
CNTs-4 Onset potential 1.79 1.85 1.66 Current density 13 4.3 108 
CNTs-5 Onset potential 1.8 1.9 1.73 Current density 11.2 1.4 34 
CNTs-6 Onset potential 1.85 2.05 1.74 Current density 5.2 0.46 8 
CNTs-7 Onset potential 1.87 2.05 1.78 Current density 6.06 0.47 3 
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For CNTs, Tafel slope of approaching 240 mV dec-1 in acid and neutral conditions 
indicate the electron transfer cannot take place. The Tafel slope is significantly higher 
than that on Rh, Ir, Pt and Pt-Rh in acid conditions, which exhibit Tafel slope of 60, 
40, 120 and 120 mV dec-1 respectively53, and also substantially higher than the-art-of-
the-state non-noble catalysts, CoPi (60 mV dec-1) and NiBi (30 mV dec-1), in neutral 
conditions50, 52. The slope much greater than 120 mV dec-1 are classified as quasi-
infinite and are consistent with an initial rate determine chemical step59. In acid or 
neutral conditions, the deprotonation of H2O molecule must be realized before the 
H2O evolves to molecule O2. For Rh, Ir, Pt and Pt-Rh electrodes, the deprotonation of 
H2O is facile due to the available of high active valence electrons, hence it is kinetic 
favorable for OER in acid. On pure CNTs surface, the deprotonation of H2O is not 
facile because a free energy of 89.96 kJ/mol is required60.  
For OER on CNTs, charging of the interface involves the accumulation the 
accumulation of OH- species to form electrical double layer. The defects or the trace 
metal on the CNTs surface might play a role for the activity of the CNTs, however, 
the exclusively better activities of CNTs-2, CNTs-3 and CNTs-4 compared with 
CNTs-1, CNTs-6 and CNTs-7 in all conditions (Table 5.2) are mainly contribute to 
the different electron transfer pathway in the CNTs. For DWNTs and FWCNTs, the 
presence of inner tubes could increase the number of conducting channels and the 
discharged electron can transfer into the inner walls through tunneling effects driven 
by the applied potential, which create the separation of electron and discharged 
intermediates (Fig. 5.9). Li et a synthesized carbon nanotube-graphene complexes 
through partially unzipping few outer walls of CNTs and attributed the observed high 
activity for ORR as the results of its high activity sites of the abundant edges and 
defects of the unzipped outer walls and the less damaged and electrically conducting 
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inner tubes 65. Borghei et al. synthesized a high catalytic electrochemical active 
nitrogen-containing FWCNTs (N-FWCNTs) with low nitrogen content (～0.5 at.%), 
and the resulting N-FWCNTs showed remarkable electrocatalytic activity for ORR, 
HER and hydrogen peroxide decomposition compared to larger multi-walled 
nanotubes47. These results all demonstrate the excellent electron transfer properties of 
the inner tubes of DWNTs and FWCNTs attribute to the excellent activity for 
modified CNTs. Here, the outer wall can serve as a protective barrier to prevent 
endohedral reactions, potentially allowing the inner-tube to retain its electronic 
properties 66, which reveals the possibility of the separation of functionality of the 
outer wall and inner-tubes for the OER on DWNTs and FWCNTs48. The electron 
transfer between the outer wall and inner tube could occur by electron tunneling, 
similar to the electron tunneling through thin oxide films as proposed by Damjanovic 
et al for the OER on Pt 67. The electronic properties of SWNTs is disrupted due to the 
absorption of OH- and intermediate species, such as OH* and OOH* 68. On the other 
hand, the discharged electron must transfer between the C=C bonds on SWNTs, and 
this obviously will lead to the combine of electrons with the discharged OH, O and 
OOH intermediates even without considering the proportion of semi-conducting 
SWNTs existed69, hence decrease the efficiency of OER on SWNTs (Fig. 5.9). This 
hypothesis explains why double/triple-walled CNTs-2, CNTs-3 and CNTs-4 are far 
more effective than single-walled CNTs-1 in all conditions, and also supported by the 
OER kinetics parameter in this study. While as the increase of number of walls for 
typical large diameter MWNTs, the driving force for the electron transfer or tunneling 
effect between the outer wall and inner tubes, , would diminish due to the 
distribution of the dc bias across each layer. Thus, the electron transfer or tunneling 
from the outer surface to the inner tubes could become less favourable as the number 
of walls/layers increases.  
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5.4 Conclusion 
Small diameter CNTs composed of between 2-7 concentric tubes and with an OD of 
2-5 nm are demonstrated better catalysts for OER compared with typical single walled 
CNTs and multi walled CNTs, CNTs-1, CNTs-6 and CNTs-7. Here the CNTs were 
studied at different pH, and the kinetics and mechanism are revealed. The results 
demonstrated that CNTs that composed of between 2-7 concentric tubes and with an 
OD of 2-5 nm show significantly higher activity in acid, neutral and alkaline 
solutions, and the activity of the CNTs for OER is closely related with the COH 
groups. The OER is limited by the deprotonation of water in acid and neutral 
conditions, and the COH play a vital role in OER on all the CNTs. OER on CNTs 
composed of between 2-7 concentric tubes and with an OD of 2-5 nm in alkaline 
solution show higher kinetics and enhanced activities. A Tafel slope closing to 40 mV 
dec-1 and a reation order of 2 was obtained under 5-10 mol L-1 KOH solution for 
CNTs-3 and CNTs-4, indicating the OER on these small diameter CNTs involves the 
discharge of two electron followed by the RDS. While a Tafel slope of 60 mV dec-1 
and reaction order of 1 were observed for typical single walled CNTs and multi 
walled CNTs, CNTs-6 and CNTs-1 at the same condition, revealing the OER involves 
a chemical step subsequent to the first electron transfer step. And a 120 mV dec-1 
Tafel slope and reaction order of 1 were recorded under lower concentration of KOH 
solution for CNTs-3 and CNTs-4 (10-3-10-1 M KOH, pH 11-13), illustrating that OER 
is limited by the first electron transfer steps. The different kinetics and OER on 
different CNTs further demonstrate the proposed tunneling effect. The finding 
provide an area to develop a new class of advanced OER catalysts based on pure 
carbon, rather than metals or metal oxides. 
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Chapter 6: Phthalocyanines Functionalized 
Carbon Nanotubes for Photo-electrochemical 
Water Oxidation   
6.1 Introduction  
Dye sensitized photo-electrochemical systems have attracted intensive interests due to 
its outstanding features such as high efficiency, promising stability, flexibility, and 
low-cost for investment and fabrication1-3. Normally, dye sensitized photo-
electrochemical systems are comprised of three essential components: efficient light-
harvesting sensitizer; stable charge-separating units which normally are meso-
structured wide band gap metal oxide semiconductors, and compatible donor-
acceptor3-5. The nanocrystalline semiconductors, that provides the light absorption, 
charge collection and diffusion, are playing the vital role in dye sensitized photo-
electrochemical systems. The key breakthrough is the use of mesoporous TiO2 
electrode supported with monolayer of a molecular sensitizer6, in which the photo-
excited dyes inject electrons into the conduction band of the TiO2 electrode under 
illumination, and then the dyes are regenerated by the electron donor in the 
electrolyte3. Nanostructured metal oxides such as TiO27-9, Fe2O310, 11, SnO29, 12, 13 and 
ZnO9, 14, 15 have been intensively investigated for developing dye sensitized photo-
electrochemical devices.  
One of the major bottlenecks in dye sensitized photo-electrochemical systems is the 
poor transport of photo-generated electrons across semiconductor network, which lead 
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to high electron-hole recombination and low overall energy conversion efficiency. An 
appealing concept is introduction of CNTs to direct the photo-generated electrons 
flow and assist in charge injection and extraction. Porphyrin and SWNT were 
assembled as three-dimensional arrays onto nanostructured SnO2 films by an 
electrophoretic deposition method. Femtosecond transient absorption studies confirm 
photo-induced electron transfer between excited H4P2+ and SWNT, and PEC effect 
observed with SWNT and porphyrin assembly demonstrates CNTs are able to 
promote both charge separation and charge transport16. Recently, Li et al. also 
demonstrated the application of direct synthesized CNTs networks films as a hole 
collector for perovskite solar cells, the solar cell performance is improved due to the 
enhanced hole extraction and reduced electron-hole recombination17. Li et al. 
demonstrated that the semiconducting SWNTs exhibit a much better photo-catalytic 
effect when cooperated with TiO2 compared with typical MWNTs18. Several 
mechanisms were proposed to explain the enhancement of the photo-catalytic 
properties of CNTs-semiconductor composites. Hoffmann et al. proposed that the 
CNTs can transfer the photo-generated electron through the carbon nanotube hence 
enhance the charge separation19. Wang et al. claimed that CNTs act as sensitizers and 
transfer the electron to the conduction band of semiconductor such as TiO2, allowing 
formation of superoxide radicals20. Unfortunately, the function of CNTs is still 
remaining controversial and unexplored.  
It is generally believed that pristine CNTs without PEC catalysts would not have any 
activity for water splitting under UV or visible light because the band gaps of CNTs 
are too small to split water molecules. Here we reported, for the first time, that 
pristine CNTs with 2-7 number of walls functionalized with dyes such as zinc 
phthlocyanine (ZnPc) show significantly high PEC activity for water splitting without 
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incorporating with semiconductor oxides, as compared with dye-functionalized 
conventional SWNTs and MWNTs under identical test conditions, despite the fact that 
dyes have no PEC activity on their own. The fundamental reasons for the dye-
functionalized CNTs with 2-7 inner tubes are the effective electron-hole separation 
ability of the CNTs with 2-7 inner tubes via the electron tunneling mechanism under 
the influence of electrochemical polarization potential driving force.  
6.2 Experimental 
6.2.1 Materials 
CNTs with different number of walls and diameters were obtained from commercial 
sources including Nanostructured & Amorphous Materials, Inc., USA, Beijing Dk 
Nano technology Co., LTD, China and Shenzhen Nano, China. The as-received CNTs 
were purified following the procedure reported21: 50 mg CNTs were dispersed in 50 
mL HCl acid (30 wt %) before ultrasonicated for 1 h. The dispersion was separated 
and the sludge dispersed in another 50 mL HCl acid (30 wt %), followed by stirring 
overnight. The CNTs pellets were collected and transferred into Teflon digestion tank 
and another 10 mL HCl acid were added and digested at 120 oC overnight. After the 
digestion, the CNTs were washed by fresh HCl, and then washed by 5 mol L-1 HNO3 
for 3 times before washed by DI water for 3 times. The purified CNTs were dried and 
collected for further test. After purification, the total amount of Fe, Co, Mo and Ni 
elements are substantially reduced to less than 1.3 % as confirmed by the ICP-OES 
and thermogravimetry analysis.  Zinc Phthalocyanine (Sigma-Aldrich, denoted as 
ZnPc, Schematic 6.1), KOH (Sigma-Aldrich), Nafion solution (Sigma-Aldrich, 5% in 
isopropanol and water) and F-doped SnO2 coated glass (FTO, RΩ 8 Ω cm-1, Pilkington 
glass, USA) were received and used without further treatment. 
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Schematic 6.1. Molecular structure of zinc phthalocyanine, ZnPc. 
 
Schematic 6.2. Functionalized the CNTs with Zinc Phthlocyanine 
6.2.2 Synthesis of ZnPc/CNTs 
Pristine CNTs (20 mg) were sonicated in 50 mL ethanol in the presence of 0.6 mg 
mL-1 ZnPc for 2 h, and the dispersions were stirred overnight before filtered and dried 
in vacuum oven at 71 oC (Schematic 6.2). The product was noted as ZnPc/CNT-n.  
The ZnPc/CNTs solutions were deposited on transparent conducting glass substrates 
F-doped SnO2 coated glass, FTO (RΩ 8 Ω cm-1, Pilkington glass (USA)). FTO 
conductive glasses with dimension of 20×25×2 mm (width/length/thickness) were 
ultrasonically cleaned for 15 minutes in acetone, ethanol and acetone sequentially. 
After rinsing, the FTO glasses were blow-dried by nitrogen. ZnPc/CNTs (10 mg) were 
dispersed in 5 mL of ethanol nafion mixture (Ethanol: Nafion 9:1) to form a 
homogeneous ink solutions, then were deposited onto the conductive side of the FTO 
glasses according to the following procedure: (1) pipetting 100 µL of the CNT 
solution into the FTO glass and drying for 20 min, (2) repeating this process 5 times 
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to get a desirable thickness. The loading of the catalysts were kept constant for all the 
samples of 1 mg cm-2. 
6.2.3 Characterization 
Thermo gravimetric (Q5000, USA) analysis (TGA) was performed to investigate the 
loading of ZnPc under air flow upon equilibration at 100 °C for 15 min, followed by a 
ramp of 10 °C min-1 up to 800°C. The FT-IR spectra were recorded from KBr disks 
using a Perkin-Elmer Spectrum GX FT-IR/Raman Spectrometer with a spectral 
resolution of 4 cm-1. The UV-vis analysis absorbance was measured by UV-visible 
Spectrophotometer (JASCO, V-670).The X-ray photoelectron spectroscopy (XPS) 
measurements were carried out on a XPS apparatus (Kratos AXIS Ultra DLD) with a 
pass energy of 40 eV, the XP spectra are referenced to the Si 2p feature of the 
substrates at a binding energy of 99.8 eV. Distributions of ZnPc on CNT-1, CNT-3 
and CNT-7 were further studied high angle annular dark field STEM and elemental 
mapping on Titan G2 60-300 at 80 kV.  
The PEC behavior of different samples was tested according to the following 
procedure23. An aqueous solution of KOH (1 M) was used as electrolyte for all the 
photocurrent measurements. The schematic structure of photo-electrochemical cell is 
presented in Schematic 6.3. The photocurrent measurements were carried out in a 
three electrode cell with Pt as counter electrode and Ag/AgCl as the reference 
electrode. The deposited films were employed as the working electrode. The 
photocurrent value of different samples was obtained by subtracting the dark current 
from the light current at a given potential. Therefore, the synthesized photoanodes 
were individually exposed to a 500 W xenon lamp based solar simulator (ABET 
Technologies Sun 2000). The light intensity was calibrated and the measured light 
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intensity was 100 mW cm-2. The photo voltage of the open circuit was measured in 
two separate modes: light-off (dark) and light-on (bright). 
 
Schematic 6.3. Structure of the photo-electrochemical cell. 
6.3 Results and discussion  
6.3.1 Chracterization of ZnPc/CNTs 
CNTs used in this study were obtained commercially and were clarified into seven 
groups, depending on the number of walls. Before use, CNTs were purified to remove 
the metallic catalysts used in the synthesis of CNTs, using conventional acid 
treatment methods21. Figure 3.1-3.4 is the TEM micrographs and Raman spectra of 
pristine CNTs after the purification treatment. The average diameter and number of 
walls were calculated based on the TEM images and summarized in chapter 3 21. 
Briefely, CNT-1 is mainly composed of SWNTs (~79%) with average outer diameter 
(OD) of ~1.97 nm. CNT-2 consists of 65% DWNTs and 23% triple-walled CNTs 
(TWNTs) with average OD of 3.3 nm. CNT-3 is mainly TWNTs (51 %) and DWNTs 
(25%) with average OD of 3.8 nm. CNT-4 is similar with that of CNT-3 with 57% 
TWNTs and average OD of 4.0 nm. CNT-5 consists of 3-10 walls with average 
number of walls of seven and OD in the range of 4-6 nm. CNT-6 and CNT-7 are 
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typical MWNTs with number of walls over 12 and 20, and OD of 13.9 nm and 35.2 
nm, respectively. The Raman spectra show that the intensities of the G band (~1590 
cm-1) and G’ band (~2700 cm-1) decrease with an increasing number of walls and OD. 
The ratio of the intensity of the D band near 1300 cm-1 to the G band around 1590 cm-
1, ID/IG is 0.155, 0.51, 0.76, 0.94, 1.35, 2.50 and 2.86 for CNT-1; CNT-2, CNT-3, 
CNT-4, CNT-5, CNT-6 and CNT-7, respectively. The pristine CNTs are further 
characterized by X-ray photoelectron spectroscopy (XPS) (Fig. 6.1), and only C and 
O were detected from the pristine CNTs. No metal peaks were observed indicating 
that there is only trace amount of metal impurities in CNTs. This is consistent with the 
ICP results (Table 3.2), which demonstrate that there are 0.44%, 1.38%, 1.1%, 0.77%, 
0.66%, 0.42% and 0.95% metal impurities in CNT-1 to CNT-7 respectively. The 
amount of defects such as C-O, C=O and C-OO were calculated through decovolution 
of the C 1s peaks, and the results in show that the defects (C-O, C=O and C-OO) in 
the CNTs varies with CNTs and the amounts are in the range of 4.17 to 8.33 at% 
(which means 100 C atoms, there are 4.17-8.33 C atoms are C-O, C=O and C-OO, 
Fig. 6.2 and Table 6.1), consistent with the results reported24.  
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Figure 6.1. XPS survey spectra for pristine CNTs. 
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Figure 6.2. XPS core-level spectra of C 1s of different CNTs. 
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Figure 6.3. TG analysis of  ZnPc and ZnPc/CNTs. 
Table 6.1. XPS peaks position and the percentage of surface concentration of C, O, Zn and N. 
Materials CNT-1 CNT-2 CNT-3 CNT-4 CNT-5 CNT-6 CNT-7 ZnPc 
Defects 
(XPS) 6.16 4.17 8.16 8.33 7.91 4.77 6.79 - 
Zn2p 3/2 1021. 6 1022.1 1021.9 1021.9 1022.1 1022.1 1022.0 1022.5 1/2 1044.6 1045.1 1045.0 1045.0 1045.2 1045.2 1045.0 1045.5 
N 1s 398.7 398.7 398.7 398.7 398.7 398.7 398.7 399.3 - - - - - - - 401.4 
N% 4.35 6.17 5.86 5.85 5.98 4.50 4.58 - 
C% 93.26 90.80 91.73 92.01 90.08 92.43 92.42 - 
O% 1.64 2.15 1.50 1.27 2.97 2.33 2.22 - 
Zn% 0.75 0.88 0.91 0.87 0.97 0.74 0.78 - 
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CNTs were functionalized with dyes, ZnPc, by simply dispersing the CNTs and dyes 
in ethanol with the assistance of untrsonication. The loading of dye assembled on 
CNTs was confirmed by TGA (Fig. 6.3). Figure 6.4 dispalys the elemental mapping 
using EDS coupled with STEM on ZnPc-functionalized CNT-1, CNT-3 and CNT-7. 
Combining with EDS spectra obtained from mapping area (Fig. 6.5), the results 
clearly demonstrate that Zn and N are homogenously distributed on the CNTs surface, 
indicating that ZnPc is successfully supported onto the CNTs surface, forming 
ZnPc/CNTs.25  
 
Figure 6.4. The HAADF-STEM-EDS mapping images of A) ZnPc/CNT-1 ( Bar = 10 nm); B) 
ZnPc/CNT-3 (Bar =20 nm); and C) ZnPc/CNT-7 (Bar = 7 nm). 
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Figure 6.5. The EDS spectra obtained from HAADF-STEM-EDS mapping images of ZnPc/CNT-1, 
ZnPc/CNT-3 and ZnPc/CNT-7. The Cu is from the grid. 
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The interaction between dye and CNTs was further studied by FTIR and XPS. Fig. 
6.6A is the FTIR spectra of ZnPc/CNTs. For pure ZnPc, intense IR active bands were 
observed between 400 and 1650 cm-1, which are consistent with the results reported26, 
27. In the case of ZnPc/CNTs, corresponding peaks from ZnPc were also detected, 
indicating that CNTs were functionalized by ZnPc. The IR spectra results show that 
the intensity ratio at 725 cm-1 and 1384 cm-1 increase significantly from 0.9 on ZnPc 
to 1.2-2.4 for ZnPc/CNTs, revealing the increase of the out-of-plane bending for C-H 
and C-N-C bonds and/or the reduction of Zn-N, C-N stretching and C-H and C-N-C 
in-plane bending,28 demonstrated that ZnPc is immobilized onto the CNT carbon 
plane through π-π stacking.29  
 
Figure 6.6. A) FTIR spectra of the ZnPc and ZnPc functionalized CNTs, and XPS core level for ZnPc 
functionalized CNTs and ZnPc B) C 1s; C) N 1s; D) Zn 2p. 
Figure 6.6 B-D is the typical XPS core level spectra of the C 1s, N 1s and the Zn 2p 
peaks for ZnPc and ZnPc/CNTs. The N 1s peak of ZnPc is compose of two small 
peaks around 401.4 and 399.3 eV, corresponding to protonated and deprotonated 
nitrogen respectively. After functionalized onto the CNTs, the peaks for N 1s are 
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negatively shift by more than 1 eV to around 398.7 eV, and only one peak was 
observed, which indicates a substantial chemical change and the occurrence of charge 
transfer from CNT to the N species of ZnPc. Similar shifts of the Zn 2p spectrum are 
also observed from pure ZnPc and its functionalized CNTs. In the case of pure ZnPc, 
the Zn 2p3/2 and Zn 2p1/2 were obtained at 1022.5 and 1045.5 eV respectively. 
However, the peaks of Zn 2p3/2 and Zn 2p1/2 are significantly negatively shift by 
0.5-0.9 eV to around 1022 eV and 1045 eV respectively after the ZnPc was 
functionalized onto the CNTs surface. The negatively shift of N 1s and Zn 2p 
indicates the donation of electron from CNTs to the ZnPc, indicating that ZnPc acts as 
a p-type dopant to positively charge carbon atoms in the nanotube carbon plane.  
6.3.2 Photo-elctrochemical properties of ZnPc/CNTs 
Figure 6.7 shows the UV-visible diffuse reflectance spectra of pristine CNTs and the 
ZnPc/CNTs. The absorbance of pristine CNTs is very low with an absorption 
threshold around 200-350 nm in the ultraviolet (UV) region of solar radiation (Fig. 
6.7 A). The absorbance of ZnPc is around 200-250 nm and 650-700 nm (Fig. 6.7 B), 
which is consistent with the results reported30. In the case of ZnPc/CNTs, absorbance 
range increases significantly to 200-350 nm with substantially increased intensity. 
Absorption peaks around 665 nm were also observed for ZnPc/CNTs which 
corresponds to the long wavelength absorption band of ZnPc30. The intensity of 
absorbance of ZnPc/CNTs shows an interesting volcano curves as a function of 
number of walls of CNTs with the highest absorbance observed on ZnPc-
functionalized CNTs with three walls, ZnPc/CNT-4 (Fig. 6.7 C).  
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Figure 6.7. The UV-vis spectra of A) pristine CNTs; B) ZnPc/CNTs; and C) the absorbance of pristine 
CNTs and ZnPc/CNTs at 250 nm and 665 nm; D) Mott-Schottky plots for ZnPc/CNTs according to 
impedance measurements, the flat-band potentials are obtained from the intercepts of the extrapolated 
lines; and E) Band positions of ZnPc/CNTs according to the band gaps and flat-band potentials 
obtained from c. CB, conduction band; VB, valence band. 
The band gaps were calculated from the UV-visible spectra, based on solid band 
theory following the equation (αhν)=A(hν-Eg)m.31 The band gap is 2.07 eV, close to 
the reported number of 1.97 eV32. The band gaps of ZnPc/CNTs are in the range of 
2.5 to 3.1 eV (Fig. 6.8), significantly larger than that of ZnPc dye. The flat-band 
potentials were obtained from the intercepts of the extrapolated lines from the Mott-
Schottky plots (Fig. 6.7 D) and the negative slopes of Mott-Schottky plots indicate 
that ZnPc/CNTs are p-type semiconductor. The flat-band potentials of ZnPc/CNTs 
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were calculated in the range of 2.8 to 3.3 V, which lie above the oxygen-evolution 
potential, 1.23 V vs RHE (Fig. 6.7 E). Thus the high occupied molecule orbit 
(HOMO) of ZnPc/CNTs is in the range of 0.0 to 0.4 V, located close to the hydrogen-
evolution potential, 0.0 V vs RHE. And the low unoccupied molecule orbit (HOMO) 
lies above the oxygen evolution potential. The position of the LUMO and HOMO of 
ZnPc/CNTs implies that photo water splitting can take place on ZnPc/CNTs with the 
additional electrochemical polarization potential.  
 
 
Figure 6.8. Band gap (Eg) calculation for ZnPc and ZnPc/CNTs, a) ZnPc, b) ZnPc/CNT-1, c) 
ZnPc/CNT-2, d) ZnPc/CNT-3, e) ZnPc/CNT-4, f) ZnPc/CNT-5, g) ZnPc/CNT-6, h) ZnPc/CNT-7. 
LSV were conducted to study pristine CNTs and ZnPc/CNTs for PEC water oxidation 
in 1 M KOH solution under dark and illumination. In the case of pristine CNTs, the 
photocurrent densities are very low, less than 0.005 mA cm-2 (Fig. 6.9 A), indicating 
that pristine CNTs alone are not PEC catalysts for water oxidation. Functionalized 
CNTs with ZnPc show significantly high photocurrent densities especially for the 
water oxidation reaction on ZnPc-fuctionalized CNT-2, CNT-3, CNT-4 and CNT-5. 
For example, the photocurrent density of ZnPc/CNT-4 at 1.2 V is 0.32 mA cm-2, 
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which is about 3.6 times of that measured on ZnPc/CNT-1 (0.09 mA cm-2) and an 
order of magnitude higher than on ZnPc/CNT-7 (0.02 mA cm-2). The onset potential 
for photo-electrochemical water oxidation on ZnPc/CNT-2, ZnPc/CNT-3, ZnPc/CNT-
4 and ZnPc/CNT-5 is ~1.03 V versus RHE, ~0.16 V lower than 1.18 V measured on 
ZnPc/CNT-6, ZnPc/CNT-7, and also ~ 0.21 V lower than the thermodynamic 
electrochemical potential of 1.23 V versus RHE for electrochemical water oxidation. 
The photocurrent densities significantly increase with the increase of applied potential, 
and most importantly the photocurrent densities of ZnPc/CNTs also show 
characteristic volcano curves as a function of number of walls ((Fig. 6.9 C)), identical 
to the absorbance curve. The results clearly indicate that the PEC activity of dye-
functionalized CNTs with number of 2-7 walls for water oxidation reaction is 
significantly higher than dye-functionalized SWNTs and MWNTs. In the case of 
CNT-1, mainly SWNTs, the onset potential is 1.05 V, 0.13 V lower than that of 
ZnPc/CNT-6, ZnPc/CNT-7 which is likely because of the semiconductors properties 
of SWNTs which lead to preferential band gap18, 33 and/or the small amount of 
DWNTs in this sample.  
The PEC activities of the ZnPc/CNTs are further demonstrated by the on-off curves 
conducted at potential of 1.2 V (Fig. 6.9 E). The difference of on-off current density is 
the photo-current density of ZnPc/CNTs and represents the PEC activity of 
ZnPc/CNTs. The photo-current densities of ZnPc functionalized CNT-2, CNT-3 and 
CNT-4 are around 0.22, 0.22 and 0.28 mA cm-2 respectively, which is significantly 
higher than that of ZnPc functionalized CNT-1, CNT-6 and CNT-7, with a 
photocurrent density of 0.11, 0.07 and 0.05 mA cm-2 respectively, consistent with the 
volcano shape activity obtained from LSV results.  
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Figure 6.9. Photo-current density of A) pristine CNTs and B) ZnPc functionalized CNTs, C) the 
current density of ZnPc/CNTs vs number of walls at different potential D) photocurrent density at 
different voltages of CoPc/CNTs; E) the on-off curves of ZnPc/CNTs. Catalysts loading is 1 mg cm-2.  
6.3.3 Electron separation through tunneling effect 
ZnPc can interact with the carbon plane of the CNTs through π-π interaction34, 35, and 
act as a p-type dopant to the electron rich CNTs, however, the XPS results indicate 
the interactions of the ZnPc with different types of CNTs are similar (Table 6.1). 
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CNTs have been demonstrated to improve light harvesting capabilities (excitation 
generation) and/or to facilitate charge transport due to the excellent electrical 
conductivity of CNTs, hence reducing the chance of electron-hole recombination36-38. 
It is intriguing that the absorbance of UV-vis spectra and photo electrochemical 
activity of water oxidation exhibits remarkably identical volcano dependence with the 
number of walls. This volcano-type activity is not related with the loading of ZnPc on 
the CNTs surface due to the loadings of ZnPc are similar on different CNTs. The band 
gap of ZnPc/CNT-7 (2.7 eV) is 0.4 eV smaller than that of ZnPc/CNT-4 (3.1 eV), and 
the band-edge position for conduction band is similar, however, the PEC water 
oxidation ability of ZnPc/CNT-7 is far less than that of ZnPc/CNT-4. Besides, the 
ZnPc/CNT-1 exhibit preferable band gap and edge position for photo-electrochemical 
water splitting compared with ZnPc/CNT-4, while, the photo-activity of ZnPc/CNT-1 
is only about one third of ZnPc/CNT-4. These results indicate that volcano-type 
activity is not related to the differences of band gaps of ZnPc/CNTs. Moreover, the 
difference does not result from the defects of the CNTs nor the metal impurities in the 
CNTs. Shota et al. studied the energy conversion efficiency of ZnPc attached on the 
caps of SWNT using density functional theory (DFT), shows that the charge 
separation mechanism observed at the interface is not changed qualitatively by the 
presence and absence of metallic cluster at the open end of (6,6) CNT.39 In our case, 
the defects in CNT-2 is about 4.17 at%, similar with that of CNT-7 with a number of 
4.77 at%, and the trace metal content of CNT-7 is 0.95%, close to 1.38% of CNT-2, 
while the photocurrent density of ZnPc/CNT-2 is about 4 times of ZnPc/CNT-6.  
In our dye-functionalized CNTs system, the PEC water oxidation starts with the 
activation of dye (light-harvesting antennae system) by absorbing photons creating 
holes and photo-activated electrons. Next the electrons inject into the CNTs (charge-
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separating units), and the holes accept the electron from OH- (electron donor) to 
create O2 provided the electrons and holes are not recombined. The kinetic 
competition between electron-hole recombination and water oxidation is a key 
consideration for the development of efficient photocatalysts for solar driven water 
splitting40-43. Hence it is rational to propose that the significant difference of the 
photocurrent density for water oxidation results from the charge separation pathway 
of different types of CNTs.  
 
Schematic 6.4. Schematic of dye functionalized CNTs for PEC water oxidation via electron tunneling 
effect. 
The electric properties of SWNTs are sensitive to the size and chirality of the tubes. In 
theory, nearly one-third of the SWNTs are metallic or semi-metallic and the other 
two-thirds are semiconducting44. Due to the semiconductor properties of SWNTs in 
CNT-1, the electrons can be stored in SWNTs leave the hole with enough life time for 
water oxidation45 and the band gap and band-edge position of ZnPc/CNT-1 is proved 
more suitable for PEC water splitting18, hence creating enhanced photocurrent for 
ZnPc/CNT-1 compared with typical MWNTs with number of walls over 10. Unlike 
SWNTs, the presence of inner walls could increase the number of conducting 
channels and create the possibility for electrons and holes separation. Here, the photo 
activated electron injection and the applied dc bias provide the driving force for the 
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electron transfer between the outer wall and inner tube through electron tunneling 
when the distance is small enough. This is consistent with that all the dye 
functionalized carbon nanotube requiring additional voltage to achieve high 
photocurrent generation. Hence the photo-generated electrons are entrapped in the 
inner tubes which effectively improve the electron-hole separation to generate free 
charge carriers and avoid electron-hole recombination. Then allows the electron 
transferring through the inner tubes endows the holes with enough lifetimes to 
combine with OH- for oxygen generation (Schematic 6.4). This hypothesis explains 
why double/triple-walled CNT-2, CNT-3 and CNT-4 are more effective for photo 
oxidation than single-walled CNT-1. As the number of walls/layers increases, the 
driven force created by photo activated electron injection and dc bias for the tunneling 
effect between the outer wall and inner tubes will diminish due to the distribution of 
the driving force across each layer, hence higher onset potential and lower photo-
current densities are observed. It is noticeable that the number of inner tubes in the 
range of 2-7 are effective for the electron-hole separation through the tunneling effect 
due to the distance between the outer walls and inner tube for these CNTs is in the 
range of effective tunneling effect distance (order of 10 angstroms)46, 47. Thus, 
electron-hole separation could be less favorable for large diameter MWNTs because 
the number of walls/layers increases would significantly reduce the tunneling effect. 
These explain why typical large diameter MWNTs exhibit significantly lower activity 
for photo-electrochemical water splitting. 
6.4 Conclusion  
In this paper, ZnPc functionalized CNTs were developed through noncovalent 
functionalization and the results demonstrate that ZnPc were successfully loaded onto 
the surface of the CNTs with loading around 60%. The dye functionalized CNTs 
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show significantly enhanced UV-vis absorbance and enhanced photo-current density 
for water oxidation in 1 KOH solution. The photo-currents and the UV-vis absorbance 
show a universal volcano shape as function of number of walls. The results 
demonstrate that the volcano shapes of the dye functionalized CNTs is not because of 
the defects or impurities in CNTs or the band gap of the CNTs, revealing the 
favorable electron separation ability of CNTs with 2-7 inner tubes through tunneling 
effects, which alleviate the hole-electron recombination. Our results open new 
opportunity to toward designing flexible and robust catalysts for developing high 
efficient photocatalyts by incorporating CNTs composed of between 2-7 concentric 
tubes with semiconductors or dyes.  
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Chapter 7: One-Step Synthesized Metal-
Carbon Nanotubes Network Hybrids as 
Highly Efficient Catalysts for Oxygen 
Evolution Reaction of Water Splitting  
7.1 Introduction  
Hydrogen production from water splitting driven by renewable energy is an attractive 
environmentally friendly pathway for renewable energy storage. However, the 
efficiency of the photo- or electro-chemical water splitting is greatly constraint by the 
high overpotentials of OER.1 The state-of-the-art OER catalysts such as precious 
metals based RuO2, IrO2 and their combinations are not economically viable due to 
their high price and scarcity.2-6 There are extensive research activities on the non-
precious metal oxide based materials as electrocatalysts, including nickel, iron and 
cobalt based oxides/hydroxides,3, 7-11 spinels,12 and perovskites.13-14 The results 
indicate that high specific surface area is beneficial for the electrochemical activity of 
OER catalysts. There are various synthesis methods to achieve nanoscaled OER 
catalysts with high surface area, including electrodeposition,15-17 sol-gel,18 solution 
cast,11 and hydrothermal precipitation.19 Metal oxide thin films are also attractive due 
to the high surface area and high mobility of electrons through the nanometer scale 
thin-film to reach the supported electrode.9, 20-21 However, large scale fabrication of 
thin and crack-free film electrodes within a few nanometers is a challenging issue for 
their practical application.  
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Another strategy is to incorporate the oxides with high surface area and conductive 
carbon materials. The carbon material not only significantly increases the 
conductivity of the oxides or hydroxides based electrocatalysts, but also can enhances 
the stability of the nanostructured catalysts.22 CNTs and graphene have attracted 
extensive attention as catalyst supports for OER due to high mechanical strength, 
excellent electrical conductivities, and superior chemical stability.23 Wu et al.24 
prepared Co2O3 particles supported on SWNTs and yielded a current density of 66 A 
g-1 at  = 0.37 V in 1 M KOH solution, significantly better than unsupported Co2O3 
nanocrystals. Cobalt oxide nanoparticles (NPs) supported on oxidized multi-walled 
CNTs was reported to exhibit an onset potential of 1.51 V vs. RHE and a current 
density of 10 mA cm-2 (40 A g-1) at  = 0.39 V in 0.1 M KOH.19 Co3O4 nanocrystals 
grown on reduced graphene oxide (Co3O4/N-rmGO) exhibits a current density of 
10 mA cm-2 (10 A g-1) at overpotential of ~0.31 V in 1 M KOH solution with catalyst 
1 mg cm−2 loaded onto Ni foam25. Manganese oxide supported onto CNTs show high 
activity and stability for water splitting in neutral conditions26. We demonstrated most 
recently that graphene supported MnO2 nanowires have a much higher electrocatalytic 
activity for the OER in alkaline solutions than that of Pt/C catalysts.27 However, 
preparation of CNT or graphene supported metal catalysts generally involves multi-
synthesis steps and is difficulty to control and scale up.  
CNTs are demonstrated the road of nanomaterials towards industry due to the widely 
applications.28-29 Chemical vapor deposition and arc-discharge are widely applied to 
grow high quality CNTs with commercially viable quantities on metal catalysts, such 
as such as Ni, Fe, Co, Pd, Ag, Pt, etc. or mixtures of Co, Fe and Ni.28, 30-31 For 
example, as early as in 1998, we demonstrated the synthesis of high quality SWNTs 
with a yield of tens of milligrams per batch using a floating catalysts CVD method.32 
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Industrial-scale production of SWNTs is also possible using layered double 
hydroxides as catalysts.33 The CNTs produced are usually involve multi physical or 
chemical purification steps due to the CNTs inevitably contain carbonaceous 
impurities (e.g. amorphous carbon, graphite and carbon NPs) and catalyst particles28. 
Hence, it would be much more commercially viable to synthesize CNTs-metal 
hybrids in one-time for catalysts application. Here we fabricate metallic NPs 
embedded CNTs (M-CNTs) hybrid catalysts by directly growing CNTs on transition 
metal catalysts using arc-discharge and chemical vapor deposition (CVD) techniques. 
The results demonstrate that one-step synthesized hybrid catalysts have excellent 
activity and superior stability for OER in alkaline solutions.  
7.2 Experimental 
7.2.1 One-step synthesis of Metallic NPs embedded CNTs hybrids 
The metal-CNT hybrids synthesized by arc-discharge and CVD techniques are 
denoted as M-CNT-Arc and M-CNT-CVD, respectively. The M-CNT-Arc samples 
were prepared by a hydrogen arc discharge method, the details are described 
previously.34 Briefly, a mixture of 2.6 at.% Ni, 0.7 at.% Fe, 0.7 at.% Co, and graphite 
powder were used as the anode, hydrogen was used as the buffer gas, and electric arc 
was operated under a dc mode between the anode and a pure graphite cathode. After 
discharge for a few minutes, high yield web-like substance, which consists of CNTs 
and metallic NPs, were collected between the cathode and the upper chamber wall. 
The M-CNT-CVD samples were prepared by a floating catalyst CVD method.35 
Typically, 99 wt.% ferrocene and 1 wt.% sulfur serve as the catalyst precursor and 
growth promoter, respectively. They were carried into the reaction zone by 2000 sccm 
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H2 and 3 sccm CH4 to grow SWNTs at 1100 oC, thin films of SWNTs with metallic 
NPs embedded were then collected at downstream of the quartz tube reactor.  
Metallic NP catalysts embedded in the M-CNTs network hybrids were separated from 
the CNTs networks by calcinations of M-CNTs-Arc and M-CNTs-CVD at 500 oC for 
1 h to decompose the carbon materials. The composition of metal catalysts was 
analyzed using ICP (ICP-OES PerkinElmer, Optima 7300 DV). In addition, the metal 
oxide-CNTs were also prepared by mechanically mixing NiCoFeOx and FeOx with 
pure DWNTs and SWNTs, respectively, and the metal oxide loading (MOx:CNTs 
ratio) was kept the same with that of corresponding M-CNTs hybrids. Briefly, 30 mg 
DWNTs were mixed with 35.4 mg NiCoFeOx to form NiCoFeOx-DWNTs catalysts 
and 30 mg SWNTs were mixed 86 mg FeOx to form FeOx-SWNTs catalysts. The 
mixture were ground in mortar and dispersed in 50 mL ethanol solution, followed by 
mixing under ultrasonication treatment for 15 min. The mixed catalysts were filtered 
and dried at 70 oC in vacuum oven. 
7.2.2 Characterization  
Thermogravimetric analysis (TG, Q5000) was conducted to measure the content of 
carbon materials in the M-CNTs hybrids. Scanning electron microscopy with 5 keV 
and X-ray energy dispersion spectroscopy with 15 keV (SEM, NEON 40EsB) were 
applied to examine the microstructure and element distribution of M-CNTs hybrid. 
The morphology of the catalysts was characterized using a transmission electron 
microscope (TEM JEOL3000) operating at 200 kV. The structure was identified with 
X-ray diffractometer (XRD, Rigaku D/MAX RINT 2500) operated at 40 kV and 30 
mA with Cu K in the range of 20-90o. The Raman spectra were recorded in air at 
room temperature using a Perkin-Elmer GX FT-IR/Raman spectrometer with a back-
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scattered configuration and equipped with an Nd: YAG laser at 1064 nm as its light 
source for Raman.  
The electrochemical measurements were conducted in a three electrode cell with a 
Luggin capillary. The tip of the Luggin capillary was placed 3 mm beneath the 
working electrode. Generally, 4 mg of the as-prepared catalyst was ultrasonically 
mixed in a Nafion solution (4 mL, Ethanol:Nafion=9:1, Nafion 520, DuPont, USA) to 
form a homogeneous ink. 5 μL of the catalyst ink was pipetted onto the surface of a 
GCE and dried in air. The diameter of GCE was 5 mm. Without specification, the 
catalyst loading was 0.025 mg cm-2. The ohmic potential drop between the working 
electrode and the tip of the Luggin capillary was estimated by measuring the electrode 
resistance at 30 kHz. A Pt wire and SCE were used as the counter and reference 
electrodes, respectively. All potentials in the present study were given versus RHE 
reference electrode (E = ESCE + 0.247 + 0.059pH, here 0.247 V is the potential for 
SCE at 20 oC).  
The ESA was estimated from the non-faradaic capacitive current associated with 
electrochemical double-layer capacitance of the catalytic surface from scan rate 
dependence of cyclic voltammograms (CVs).36-37 The CVs were obtained at a scan 
rate of 10 mV s-1 in the potential range between -1.5-0.6 V (vs. SCE). The LSV was 
conducted at a scan rate of 1 mV s-1 in the potential range between 0-1 V (vs. SCE) 
and the system was stabilized after 10 cycles. IR-corrected Tafel plots were recorded 
at a scan rate of 1 mV s-1 with the electrode initially conditioned at potential of 0.65 V 
(vs. SCE) for 5 min before the scan.38 The chronopotentiometry was conducted at 
different current density with catalysts loading of 0.1 mg cm-2, using a Gamry 
Reference 3000 Potentiostat. Except the measurement of ESA, all the electrochemical 
tests were conducted on a rotating disk electrode with a rotation rate of 1600 rpm in 
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order to minimize the interference of the bubbles formed at the electrode surface. For 
comparison, a commercial Ru/C (20 wt% Ru on Vulcan carbon black from Premetek 
Co.) was also investigated for OER under identical conditions. 
The effect of pH on the activity of M-CNTs hybrid catalysts was studied by LSV in 
KNO3 solution using scanning rate of 10 mV s-1 under static conditions. pH of the 
solution was adjusted with the addition of 1 M KOH or H2SO4 (the ionic strength was 
kept at 1 M). The pH of the solution was not buffered to avoid influences from the 
specific adsorption of multivalent anions.39 
7.3 Results and discussion  
7.3.1. Characterization of M-CNTs hybrids  
 
Figure 7.1. TGA curves of M-CNTs-Arc and M-CNTs-CVD hybrid catalysts. 
Fig. 7.1 is the TGA curves of the as-synthesized M-CNTs-Arc and M-CNTs-CVD 
hybrids. The increasing of weight around 350-500 and 200-400 oC for M-CNTs-Arc 
and M-CNTs-CVD, respectively, is due to the oxidation of metal catalysts. Carbon  
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Figure 7.2. SEM images of A) M-CNTs-Arc; B) M-CNTs-CVD; and TEM images of C and D) M-
CNTs-Arc, the inset a) is a DWCNT and b) is the metal core with graphite shell; E and F) M-CNTs-
CVD, the inset c) is a SWCNT and d) is the metal core with graphite shell; G) NiCo0.16Fe0.34Ox; H) 
FeOx. EDS spectra of I) M-CNTs-Arc; J) M-CNTs-CVD. 
supports decompose at temperatures around 500-800 oC for M-CNTs-Arc and 350-
650 oC for M-CNTs-CVD. The content of carbon supports was estimated to be 
45.9±3% in M-CNTs-Arc and 25.8±2.8% in M-CNTs-CVD. This indicates that metal 
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catalyst embedded was 54.1 and 74.2% for M-CNTs-Arc and M-CNTs-CVD, 
respectively. The composition of metal catalysts separated from M-CNTs-Arc as 
analyzed by ICP consists of 35.7±0.2% Ni, 12.1±0.15% Fe and 5.7±0.12% Co. Thus 
the atomic ratio of Ni:Co:Fe of the metal catalysts in M-CNTs-Arc is 1:0.16:0.34, 
giving the catalyst formula NiCo0.16Fe0.34 in metallic form and NiCo0.16Fe0.34Ox in 
oxidized form. In the case of M-CNTs-CVD, as expected, only Fe was detected, 
indicating the calcinated catalyst is FeOx. The BET surface area of M-CNTs-Arc, M-
CNTs-CVD, NiCo0.16Fe0.34Ox and FeOx is 166.5, 88.5, 38.3 and 36.8 m2 g-1, 
respectively. 
Fig. 7.2 is the SEM and HRTEM micrographs of metal NP embedded CNTs hybrid 
catalysts. The SEM images indicate that both M-CNTs-Arc and M-CNTs-CVD have a 
porous structure with metal particle connected by interconnected CNTs or CNTs 
bundles (Fig. 7.2 A and B). The metal-CNTs hybrids produced by arc-discharge and 
CVD show an interesting core-shell like structure, in which metal NPs core is 
encapsulated by a graphite shell and connected by CNTs network (Fig. 7.2 C-F). M-
CNTs-Arc exhibits a metal core with an average size ~6.7 nm and a 1-3 nm thick 
graphite or amorphous carbon shell, which is connected mainly by DWNTs (see 
insets in Fig. 7.2 C and D). The diameter of DWNTs is ~3 nm. In the case of hybrid 
catalysts synthesized by CVD, M-CNTs-CVD, and the size of metal core is ~11.0 nm 
surrounded by a 1.5-2.5 nm thick graphite shell. The core-shell structures are mainly 
connected by SWNTs with size around 2 nm (insets in Fig.7.2 E and F), consistent 
with previous study.40 The NiCo0.16Fe0.34Ox and FeOx metal oxide catalysts obtained 
from the M-CNTs hybrids were also characterized by TEM (Fig. 7.2 G and H). The 
average size of the NiCo0.16Fe0.34Ox metal oxides and FeOx catalysts is 38.2 nm and 
34.8 nm, respectively. The large size of the metal catalysts is mainly due to the 
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sintering and aggregation of the metal catalysts during the decomposition treatment at 
500oC. The EDS spectra confirm the existence of Ni, Fe and Co for M-CNTs-Arc 
(Fig. 7.2 I), while in the case of M-CNTs-CVD, the metal catalysts only contain Fe 
(Fig. 7.2 J). 
 
Figure 7.3. A) XRD patterns of M-CNTs-Arc (a), M-CNTs-CVD (b), NiCo0.16Fe0.34Ox (c) and FeOx 
(d); B) Raman spectra of M-CNTs-Arc and M-CNTs-CVD. 
Fig. 7.3 A is the XRD spectra of M-CNTs-Arc and M-CNTs-CVD, as well as the 
separated metal oxide catalysts. For M-CNTs-Arc, the high intensity peak around 
26.5o and 54.7o is from CNTs and graphite. The peaks around 44.1o, 51.3o can be 
attributed to FeNi3, FeNi or CoFe alloy. In the case of M-CNTs-CVD, the peak at 
44.6o is related to metallic Fe, consistent with the EDS analysis. This indicates that 
M-CNTs-CVD is composed of metallic Fe nanoparticle core. However, no peak 
around 26.5 o was observed probably due to the lower content of graphite and CNTs 
in the sample. Fe2O3 was detected after calcination of M-CNTs-CVD hybrids. The 
XRD spectra also indicate NiCo0.16Fe0.34Ox is mainly composed of NiO and NiFe2O4. 
No Co based oxides were detected probably due to the small amount of Co and the 
formation of alloy with Fe and Ni.   
Fig. 7.3 B is the Raman spectra obtained from M-CNTs-Arc and M-CNTs-CVD. The 
peak around 1270 cm-1, 1590 cm-1 and 2540 cm-1 are corresponding to the D band, G 
band and the second order G′ band of typical CNTs. The ID/IG is calculated as 1.01 
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and 0.57 for CNTs produced by arc-discharge and CVD, respectively. In the case of 
M-CNTs-CVD, the high intensity radial breathing mode (RBM) observed around 
100-300 cm-1 is typical for SWNTs,41-43 indicating that the encapsulated Fe particles 
are mainly collected by SWNTs, consistent with the HRTEM results. However, the 
largely depressed RBM and increased ID/IG ratio observed for M-CNTs-Arc indicates 
the presence of DWNTs44 between the encapsulated NiCo0.16Fe0.34 in the case of M-
CNTs-Arc catalysts. 
7.3.2. Electrochemical analysis  
Fig. 7.4 is the CV of M-CNTs-Arc, M-CNTs-CVD, NiCo0.16Fe0.34Ox and FeOx, 
measured at scan rate of 10 mV s-1 in 1 M KOH solution. The catalyst loading was 
0.025 mg cm-2. In the case of M-CNTs-Arc hybrid catalysts, the oxidation and 
reduction potential change with the cycling time (Fig. 7.4 A). The oxidation peak 
potential is 1.43 V for the 1st cycle and decreases to 1.4 V after 11th cycles. And the 
increase of the area for the redox couple with cycling is attributed to the increasing 
passivation of NiCo0.16Fe0.34 into Ni and Co hydroxides and oxyhydroxides during 
cycling.7, 20-21 The redox potential at 1.4 and 1.3 V is most likely associated with the 
transformation between Ni(OH)2 and NiOOH in alkaline electrolyte.1, 20-21, 45 Similar 
to M-CNTs-Arc, the redox potentials of NiCo0.16Fe0.34Ox redox peaks occur at 
potentials of 1.4 and 1.32 V. However, the area of the redox reaction is much smaller 
than that of M-CNTs-Arc due to the smaller surface area and low electronic 
conductivity.46 In the case of M-CNTs-CVD, the passivation of metallic Fe to 
Fe(Ⅱ)/Fe(Ⅲ) oxides/hydroxides occur at potential between -0.1 and 0.3 V (Fig. 7.4 
B).47,45  
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The ESA for the M-CNTs hybrid catalysts was estimated from the electrochemical 
double-layer capacitance (CDL) of the catalytic surface (here we use a general specific 
capacitance Cs = 0.040 mF cm-2 to estimate the ESA for carbon proposed by McCrory 
et. al.36). The CDL is calculated based on the plot of ic as a function of the scan rate ν, 
yielding a straight line with a slope equal to CDL (ic = νCDL) (Fig. 7.4C). Based on the 
slopes, the ESA is 23.4, 16.4, 5.7 and 6.0 m2 g-1 for M-CNTs-Arc, M-CNTs-CVD, 
NiCo0.16Fe0.34Ox and FeOx, respectively. The ESA of the catalysts is substantially 
smaller than the corresponding BET surface area (see Table 7.1).  
 
 
Figure 7.4. CV of A) M-CNTs-Arc and NiCo0.16Fe0.34Ox, B) M-CNTs-CVD and FeOx in 1 M KOH 
solution with scan rate of 10 mV s-1 and catalysts loading of 0.025 mg cm-2 at a rotating rate of 1600 
rpm; C) the anodic charging currents measured at -0.05 V vs SCE plotted as a function of scan rate, the 
determined double-layer capacitance of the catalysts is taken as the average value of the slope of the 
linear fits to the data. 
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Table 7.1 Physical and electrochemical properties of the catalysts materials studied. 
CNTs M-CNTs-Arc M-CNTs-CVD NiCo0.16Fe0.34Ox FeOx Ru/C 
BET surface area /m2 g-1 166.5 88.5 38.3 36.8 - 
ID/IG 1.01 0.57 - - - 
ESA / m2 g-1 23.4 16.4 5.6 6.0 - 
Onset potential / V 1.48 1.55 1.55 1.60 1.58 
jg, η=0.47 V / mA cm-2 196 56 18 3.2 8 
js, η=0.47 V / mA cm-2 32.8 13.4 11.8 2.2 - 
Tafel slope / mV dec-1 34 34  74 50 
# The onset potential, j, and Tafel slope measured in 1 M KOH solution with rotating speed of 1600 
rpm. jg is the geometric area based current density and js is the specific electrochemically active surface 
area (ESA) based current density. 
7.3.3 Electrocatalytic activity for OER 
Fig. 7.5A is the LSV for OER on M-CNTs-Arc, M-CNTs-CVD, NiCo0.16Fe0.34Ox, 
FeOx and 20%Ru/C catalysts, measured at scan rate of 1 mV s-1 in 1 M KOH 
solutions. The catalyst loading was 0.025 mg cm-2. M-CNTs-Arc hybrid catalysts 
show the best activity for OER. The onset potential of M-CNTs-Arc is 1.48 V, which 
is 100 and 70 mV lower than that of 20% Ru/C (1.58 V) and M-CNTs-CVD (1.55 V), 
respectively. The current density measured at 1.7 V (η=0.47 V) is 196 mA cm-2 for 
M-CNTs-Arc, which is 3.6 times of that of M-CNTs-CVD (54 mA cm-2) and 20 times 
of 20% Ru/C (10 mA cm-2). The metal catalysts separated from the M-CNTs hybrids 
show a much lower activity for OER. The onset potential for OER on NiCo0.16Fe0.34Ox 
and FeOx is 1.55 and 1.60 V, respectively, 70 and 50 mV higher than that of the 
corresponding M-CNTs-Arc and M-CNTs-CVD hybrid catalysts, respectively. The 
current density at 1.7 V is 18 and 3.2 mA cm-2 for the reaction on NiCo0.16Fe0.34Ox 
and FeOx, much lower than that of the corresponding M-CNTs-Arc and M-CNTs-
CVD. The much lower activity of separated metal catalysts is partially due to the 
significant sintering and growth of the metallic catalysts during the high temperature 
decomposition treatment. 
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Figure 7.5. LSV of A) M-CNTs-Arc, M-CNTs-CVD, NiCo0.16Fe0.34Ox, FeOx and Ru/C; B) M-CNTs-
Arc, NiCo0.16Fe0.34Ox-DWNTs and NiCo0.16Fe0.34Ox; C) M-CNTs-CVD, FeOx-SWNTs and FeOx. The 
LSV was measured in 1 M KOH solution with scan rate of 1 mV s-1 and catalysts loading of 0.025 mg 
cm-2 at a rotating rate of 1600 rpm. 
To separate the surface area effect from the intrinsic catalytic activity of the hybrid 
catalysts, we calculated the specific catalysts activity based on the EAS of the 
catalysts. The ESA specific activity of M-CNTs-Arc, M-CNTs-CVD, 
NiCo0.16Fe0.34Ox and FeOx was calculated to be 32.8, 13.4, 11.8 and 2.2 mA cm-2 at 
potential of 1.7 V in 1M KOH, respectively. This indicates that high electrocatalytic 
activity of M-CNTs-Arc and M-CNTs-CVD as compared to the corresponding metal 
core catalysts is not completely due to the high surface areas of the former.  
The electrochemical activity of mechanically mixed NiCoFeOx-DWNTs and FeOx-
SWNTs were also tested by LSV in 1 M KOH solution under identical conditions, 
and the results are shown in Fig. 7.5 B and C. The results indicate that the 
mechanically mixed NiCoFeOx-DWNTs and FeOx-SWNTs catalysts show slightly 
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higher electrochemical activity for OER as compared with corresponding NiCoFeOx 
and FeOx metal catalysts, but still significantly lower than that of one-step synthesized 
M-CNTs-Arc and M-CNTs-CVD catalysts. For example, for the reaction on 
NiCoFeOx-DWNTs, the onset potential is 1.52 V, ~30 mV lower than that on 
NiCo0.16Fe0.34Ox, but still 40 mV higher than that on M-CNTs-Arc. The current 
density measured at 1.7 V is 35 mA cm-2, about twice of that on NiCo0.16Fe0.34Ox (18 
mA cm-2), however it is only 17.8% of 196 mA cm-2 obtained for the OER on M-
CNTs-Arc. The much lower electrocatalytic activity of the mechanically mixed metal 
oxide-CNTs as compared to the one-step synthesized M-CNTs hybrids indicates that 
there might be a synergistic effect between encapsulated metal catalysts. And the 
interconnected carbon materials including CNTs, graphite or/and graphene, are 
responsible for the lower onset potential and significantly higher current density for 
OER.  
 
Figure 7.6. A) Chronopotentiometry of M-CNTs-Arc, M-CNTs-CVD, NiCo0.16Fe0.34Ox, and FeOx in 1 
M KOH solution; B) the long-term stability measured at current density of 10 mA cm-2 and 50 mA cm-2 
measured in 1 M KOH solution. The catalyst loading was 0.1 mg cm-2 and the rotating rate was 1600 
rpm. Numbers are current density in mA cm-2. 
Fig. 7.6 A shows the chropotentiometry curves at different current densities for the 
OER on M-CNTs-Arc, M-CNTs-CVD, NiCo0.16Fe0.34Ox and FeOx measured in 1 M 
KOH. The catalyst loading was 0.1 mg cm-2. The potential to achieve a current 
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density of 2, 5, 10, 20 and 50 mA cm-2 for M-CNTs-Arc is 1.488, 1.506, 1.524, 1.550, 
1.595 V, respectively. For the reaction on NiCo0.16Fe0.34Ox, the potential at a current 
density of 2, 5, 10 and 20 mA cm-2 is 1.596, 1.629, 1.658 and 1.685 V, considerably 
higher than that observed on M-CNTs-Arc. In the case of M-CNTs-CVD, the 
potential to achieve 2, 5, 10, 20 and 50 mA cm-2 is 1.542, 1.581, 1.615, 1.655 and 
1.725 V, respectively, higher than that of M-CNTs-Arc under the same current loads. 
Also, at a current density of 50 mA cm-2, the potential for OER on M-CNTs-CVD is 
not stable, the potential increased rapidly from 1.725 V to over 2 V after testing for 20 
min. This indicates that M-CNTs-CVD hybrids have a much lower stability for OER 
as compared to M-CNTs-Arc hybrids. In addition, FeOx is not able to achieve a 
current density of 5 mA cm-2. This indicates that the electrocatalytic activity of FeOx 
is much lower than that of NiCo0.16Fe0.34Ox. 
The durability of M-CNTs-Arc, M-CNTs-CVD and Ru/C for OER was determined 
using controlled-current electrolysis in 1 M KOH (Fig 7.6 B). The catalyst material 
was held at a constant current density of 10 mA cm-2 for 10 h at a rotation rate of 
1600 rpm, while the operating potential was measured as a function of time. For M-
CNTs-Arc, the potential at 10 mA cm-2 is 1.52 V (η =0.29V) at the t=0, and the 
changes in the potential during the stability test are very small. After 10 h continuous 
operation, the potential to deliver 10 mA cm-2 is 1.524 V (η =0.294V), very close to 
the potential before the test. This indicates excellent stability of the M-CNTs-Arc 
hybrid catalysts. In the case of 20% Ru/C catalysts, the potential to achieve 10 mA 
cm-2 is 1.585 V (η =0.355 V) when t=0, increases to 1.625 V (η =0.395 V) after tested 
for 5 h and then remains stable around 1.625 V. However, the stability of M-CNTs-
CVD hybrids is very poor. The potential to deliver a current density of 10 mA cm-2 
rises from 1.6 V at t=0 to 1.8 V at t=1 h. The M-CNTs-CVD is completely 
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decomposed after 2 h operation and the electrolyte solution turned brownish most 
likely due to the dissolution of Fe. The outstanding stability of the M-CNTs-Arc was 
also further confirmed by testing at current density of 50 mA cm-2 in 1 M KOH. The 
results show that the potential to achieve 50 mA cm-2 (500 A g-1) is 1.595 V (η =0.365 
V) and the potential remained the same after test for 10 h, indicating that the M-
CNTs-Arc is also very stable at high current densities.  
McCrory et al recently studied the benchmarking heterogenous electrocatalysts 
prepared by electrodeposition for OER in 1 M KOH with rotating rate of 1600 rpm.36 
The overpotentials for achieving a current density of 10 mA cm-2 for IrOx, NiFeOx, 
CoFeOx, NiCoOx, CoOx, NiLaOx, NiCuOx, NiOx, and NiCeOx films are 0.32, 0.35, 
0.37, 0.38, 0.39, 0.41, 0.41, 0.42 and 0.43V, respectively. Liang et al showed that 
Co3O4 nanocrystals grown on reduced graphene oxide (Co3O4/N-rmGO) exhibits a 
current density of 10 mA cm-2 (or 1 A g-1) at η = ~0.31 V in 1 M KOH solution with 
catalyst loading of 1 mg cm−2.25 Ultrathin nickel-iron layered double hydroxide 
nanoplates supported on oxidized MWNTs was reported to achieve a current density 
of 10 A g-1 at η = 0.228 V in 1 M KOH with catalysts loading of 0.25 mg cm-2.11 In 
the present study, the M-CNTs-Arc hybrid catalyst achieved a current density of 10 
mA cm-2 (or 100 A g-1) at η = 0.29 V (i.e., 1.524 V vs RHE) in 1 M KOH with 
catalyst loading of 0.1 mg cm-2. This indicates that M-CNTs-Arc hybrids are among 
the most active non-precious metal OER catalysts. The results demonstrate that M-
CNTs hybrid produced by arc-discharge technique using NiCo0.16Fe0.34 metal catalysts 
is a promising catalyst with high activity and superior long-term stability for OER in 
alkaline solutions.  
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7.3.4 Effect of pH  
The activity of M-CNTs for OER has been found to be critically related to the pH of 
the solution. Fig.7.7 shows the effect of pH on the OER activity for M-CNTs-Arc and 
M-CNTs-CVD. The variation trend for the onset potential and current density for M-
CNTs-CVD and M-CNTs-Arc with pH is similar. The onset potentials for OER on M-
CNTs-CVD and M-CNTs-Arc hybrids electrodes increased from ～1.7 V at pH=2.11 
to ～2.2 V at pH=10, then decreased sharply to ～1.5 V when the pH was above 11 
(Fig.7.7 C). The current densities of M-CNTs measured at 1.7 V are low in the pH 
range of 1-10. However, a dramatic increase were observed when pH increased to 12-
14, reaching current density of 180 and 55 mA cm-2 at pH=13.6 for M-CNTs-CVD 
and M-CNTs-Arc, respectively (Fig. 7.7D). The different behavior of M-CNTs as a 
function of pH of the electrolytes indicates that fundamentally different mechanisms 
exist for OER under acidic, neutral and basic conditions. The reason for such drastic 
change of the reaction activity of the M-CNTs hybrid catalysts for OER as a function 
of solution pH is not clear at this stage. One possible reason may be related to the 
significant role of the surface electrochemistry of hydrous oxide, formed in acidic, 
neutral and basic conditions on the electrodes of transition metals due to their 
amphoteric nature.7-8, 48 Takashima et. al. found that the OER overpotential for 
manganese oxide increase from 0.5 V to 0.7 V when the pH increased from 4 to 8, but 
sharply decreased to 0.48 V at pH ≥ 9, and proposed that the pH dependence of onset 
potential and current density might be due to the surface charge caused by OH- 
species.49 At low pH, the M-CNTs-Arc and M-CNTs-CVD are protonated and thus 
positively charged. At high pH, they would act as acids, adsorbing OH- or donating 
protons and thus becoming negatively charged. The lower onset potential is expected 
in basic solution than those in acidic/neutral solution because of the highly charged 
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metal ions with excess hydroxide ions are active sites for oxygen evolution and 
oxygen species such as M-O- is easier to donate electrons in alkaline solution than that 
in acid or neutral solution with positively charged species.49 
 
 
Figure 7.7. LSV of A) M-CNTs-Arc and B) M-CNTs-CVD under different pH solutions for OER, 
measured at scan rate of 10 mV s-1; C) Plots of onset potential as function of pH; and D) plots of 
current density measured at 1.7 V vs. RHE as function of pH. 
Fig. 7.8 is the Tafel slope plots for OER on M-CNTs-Arc and M-CNTs-CVD hybrids, 
measured in 1 M KOH solution at scanning rate of 1 mV s-1. The Tafel slope of M-
CNTs-Arc is 34 mV dec-1, lower than 50 mV dec-1 obtained on the NiCo0.16Fe0.34Ox 
metal catalysts (Fig. 7.8 A). For the OER on hydrous NiO, Lyons et al reported the 
Tafel slope of 40-60 mV dec-1 at low overpotentials.8, 50 In the case of M-CNTs-CVD, 
the Tafel slope is 34 mV dec-1, also lower than 77 mV dec-1 measured on FeOx. The 
lower Tafel slopes observed on M-CNTs as compared to that on metal oxide catalysts 
indicate an increase of electron transfer for OER,11, 20-21 an indication of the 
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synergistic effect of graphitic shell and CNTs network on the electrocatalytic activity 
of metal NPs catalyst. The reaction order plots with respect to OH- activity (log I vs 
log aOH- at a given value) of M-CNTs-Arc were also constructed based on the 
polarization data in 0.5, 1 and 2 M KOH solution (Fig. 7.8C). A reaction order of 0.97 
was obtained, indicating that the OER follows first-order kinetics with respect to the 
OH- concentration. However, the reaction order was not obtained for M-CNTs-CVD 
because of the poor stability of the catalysts, which result in the non-linear function of 
logI and log aOH-. 
 
 
Figure 7.8. Tafel plots for oxygen evolution in 1 M KOH solutions at A) M-CNTs-Arc and 
NiCo0.16Fe0.34Ox; B) M-CNTs-CVD and FeOx; C) plots of reaction order for OER on M-CNTs-Arc. 
The Tafel slope of CNTs for OER under stirring condition was also investigated in 1 
M, 0.1 M and 0.01 M KOH solutions and the results are shown in Fig. 7.9. For M-
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CNTs-Arc, the Tafel slope recorded is 74 mV dec-1 in 0.01M KOH solution. 
However, the Tafel slope is around 34 mV dec-1 when the concentration of KOH of 
solution in the range of 0.1-1 M KOH. In the case of M-CNTs-CVD, a Tafel slope of 
34, 41 and 89 mV dec-1 was obtained at in 1 M, 0.1 M and 0.01 M KOH solution 
respectively, indicating that the rate determine step (RDS) is influenced by the 
concentration of KOH.  
 
Figure 7.9. Tafel plots for oxygen evolution at A) M-CNTs-Arc and B) M-CNTs-CVD electrode 
measured in 1 M, 0.1 M and 0.01 M KOH solutions. 
The significant dependence of OER activity on pH demonstrates that OH- is playing a 
critical role in OER on M-CNTs hybrid catalysts. As shown in Fig. 7.3A, the 
transformation of NiCo0.16Fe0.34 into NiCo0.16Fe0.34-OOH (M-OOH) occurs before the 
oxygen evolution. Thus, the initial steps of OER are the absorption of OH- on M-
CNTs-Arc, forming M-CNTs-NiCo0.16Fe0.34-OOH.8, 45 The surface-enhanced Raman 
spectroscopy also provides evidences of formation of MOOH intermediates for Ni51 
and NiFe oxides.20 A Tafel slope of 34 mV dec-1 with a reaction order of ~1.0 for M-
CNTs-Arc indicates that oxygen evolution on M-OOH begins with absorbing OH- as 
a fast step and the subsequent electrochemical interaction between the surface 
adsorbed intermediate and OH-.45, 47 The rate determining step is most likely the 
formation of metal oxide or metal oxo species, as shown by Lyons et al.45, 47, 50 
1.45 1.50 1.55 1.60
1
10
100
j /
 m
A
 c
m
-2
 
 1  M
 0.1 M
 0.01 M
E/V vs RHE
34 mV/dec
74 mV/dec
 
 
1.55 1.60 1.65 1.70 1.75
1
10
100
 1 M
 0.1 M
 0.01 M34 mV/dec
42 mV/dec
90 mV/dec
E/V vs RHE
j /
 m
A
 c
m
-2
)
 
 A) B) 
Chapter	7	 	163	
 
The superiority of M-CNTs-Arc hybrids catalysts can be attributing to the following 
reasons. Firstly, NiCo0.16Fe0.34 and its oxides are superior catalysts for OER as 
compared with that of Fe and FeOx in the case of M-CNTs-CVD. Secondly, the M-
CNTs hybrids produced by arc-discharge using NiCo0.16Fe0.34 catalysts are connected 
mainly by DWNTs networks, and the encapsulated NiCo0.16Fe0.34 with graphite 
enhances the activity and stability for OER. For M-CNTs-CVD, metal catalysts are 
interconnected via SWNTs networks, which generally contains large amount of 
semiconductor.52-54 The excellent conductivity of DWNTs would provide a better path 
way for electron charge transfer during OER, as compared to SWNTs.  
7.4 Conclusion 
Here we, for the first time, reported a simple, scalable and commercial viable one-step 
synthesis method to fabricate metal-CNTs network hybrid catalysts using arc-
discharge and CVD techniques for OER catalysis. The metal-CNTs hybrids 
synthesized by arc-discharge technique with NiCo0.16Fe0.34 catalysts (M-CNTs-Arc) 
and the CVD technique with Fe catalysts have significantly higher electrocatalytic 
activity for OER in alkaline solutions as compared with corresponding bare metal 
oxides or supported catalysts. The as-synthesized M-CNTs-Arc catalysts show low 
onset potential (1.48 V), significantly high activity and super stability for OER. The 
M-CNTs-Arc hybrids produced the highest activity for OER in alkaline solutions, 
achieving 100 A g-1 at  = 0.29 V, and 500 A g-1 at  = 0.37 V. And the Tafel slope of 
34 mV dec-1 with a reaction order of ~1.0 for M-CNTs-Arc indicates that oxygen 
evolution on M-CNTs-Arc is mainly limited by the formation of metal oxide or metal 
oxo species. The excellent activity and durability of the M-CNTs-Arc network 
hybrids is most likely due to the synergistic effect between the encapsulated metal 
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catalysts and the interconnected CNTs. These results provide a new way and open an 
area to further advance the catalysts for OER.  
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Chapter 8: Effect of Nitrogen-containing 
Functionalization on the Electrocatalystic 
Activity of PtRu Nanoparticles Supported on 
Carbon Nanotubes for Methanol Oxidation 
of Fuel Cells  
8.1. Introduction 
Fuel cells are expected to play a key role in our future energy economy due to the 
limited fossil fuel reserves and the increasing energy demand1, 2. DMFCs, a device 
anticipated to serve as a power source for mobile application, have been extensively 
studied due to its advantages, such as high energy density (methanol has 17900 kJ/L), 
relatively quick start-up, rapid response to varying loading, and safe for storage and 
transportation3, 4. However, the sluggish kinetic rates for methanol oxidation inhibit 
the large-scale production of cost-effective and highly efficient DMFCs3. Intensified 
researches have been conducted all over the world to develop the active and stable 
electrocatalysts for methanol oxidation, particularly in the area of binary alloy 
catalysts, such as PtRu5, Pt-Os6, Pt-Sn7, Pt-W6 and Pt-Mo8. Among these, the PtRu 
alloy catalyst system is widely accepted as one of the most promising anode catalysts 
for DMFC 9, 10. In order to enhance the dispersion of metal nanoparticles (NPs) and 
thus to increase the utilization and efficiency of the precious metal, PtRu alloy 
supported onto high surface area carbon supports, including carbon blacks, 
mesoporous carbon11, 12, carbon nanofibers 13, and CNTs 5, 14, were investigated. 
Particularly, CNTs have received wide attention on their application as catalysts 
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support in fuel cell due to their large specific surface area, high electronic 
conductivity, and excellent chemical stability15-18.  
Owing to the chemical inert of pristine CNTs, homogenous binding sites are required 
to introduce onto the surface of the CNTs through surface-functionalization in order 
to obtain high dispersion of metal NPs on CNTs19, 20. The most common covalent 
functionalization is via the aggressive oxidation treatment in a mixture of 
HNO3/H2SO4 solution, introducing the carbonyl groups (-COOH) onto the surface of 
CNTs 21, 22. However, the acid oxidation method inevitably causes some structural 
damage of CNTs and introduces large amount of defects; consequently disrupts the 
delocalized electron system and results in loss of their electronic conductivity and 
corrosion resistance 4, 23. Non-covalent functionalization of CNTs by surfactants4, 23, 
aromatic compounds5, polymers or polyelectrolytes 23-27 and biomolecules 28 has 
attracted great interest due to the advantages of providing high density of anchoring 
site without damage the intrinsic property of CNTs. A variety of polyelectrolyte and 
solvents such as poly(diallyldimethylammonium chloride) (PDDA)29, 30, polypyrrole 
(PPY)31, PEI26, polyaniline (PANI) 27, phenanthroline32, hydroxyquinoline7, 1-
aminopyrene (1-AP)5, tetrahydrofuran (THF) 33, have been employed to functionalize 
CNTs as catalysts supports. Non-colvant fuctionalization by polyelectrolytes and 
solvent significantly improves the distribution and electrocatalytic activity of Pt and 
Pt based alloy NPs on CNTs or graphene 7, 24, 27, 29, 30, 32, 34. The electrocatalytic 
activity of Pt NPs is also affected by the nature of non-covalent functionalization. 
Wang et al investigated the effect of polyelectrolytes on the electronic structure of Pt 
NPs on polymers functionalized on CNTs35. The spectroscopic and electrochemical 
characterization as well as DFT calculation reveal that polyanions with electron-rich 
functional groups would donate electrons to Pt atoms which cause an increase in the 
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electron density around Pt atoms and downshift d-band center of Pt resulting in a 
weaker chemisorptions of oxygen-containing species (e.g., CO) enhancing the 
electrocatalystic activity of Pt NPs35.  
 It is of significant importance to understand the influence of the polyelectrolyte 
and/or solvent on the morphology, distribution and electrocatalytic activity of the Pt-
based NPs supported on CNTs in order to develop better and more efficient catalysts 
for fuel cells. Here, polymers such as poly (diallyldimethylammonium chloride) 
(PDDA) and PEI, and solvents such as 1-aminopyrene (AP) and terahydrofuran 
(THF) were selected to functionalize the CNTs as supports for PtRu NPs. PDDA is 
water-soluble quaternary ammonium strong cationic polyelectrolyte while PEI is one 
of the most popular amino-rich highly hydrophilic cationic polyelectrolyte for fuel 
cell applications 26, 33, 36, 37. AP and THF have been shown to be effective in 
functionalization of CNTs 5, 33, 38. The results clearly indicate that the electrocatalystic 
activity depends strongly on the composition and structure of the functionalization 
agents and functionalization agents with ammonium or amino groups are particularly 
effective to enhance the activity of the PtRu NPs for the MOR of fuel cells.  
8.2 Experimental 
8.2.1 Functionalization of CNTs 
Materials used in this experiment include sulfuric acid (99.5%, Fluka), nitric acid 
(65%, Fluka), ethanol (Sigma-Aldrich), methanol (Sigma-Aldrich), CNTs (multi-
walled CNTs, Shenzhen Nano, China), hexachloroplatinic(IV) acid (Sigma-Aldrich), 
ruthenium chloride (Sigma-Aldrich), ethylene glycol (Sigma-Aldrich), Nafion 
solution (5% in isoproponal and water), PDDA (molecular weight over 100000), PEI 
(molecular weight ~1300, Sigma-Aldrich), AP (molecular weight 217, Sigma-
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Aldrich), THF (molecular weight 72, Sigma-Aldrich). All the chemicals were used 
without further purification. Fig. 8.1 shows the structure of the functionalization 
agents used in the present study. 
 
Figure 8.1. Molecular structure of functionalization agents used in the present study. 
CNTs functionalized by PDDA and PEI were synthesized as follow: 200 mg pristine 
CNTs were ultrasonicated in 400 mL ultrapure water (resistivity 18.2 MΩ cm) for 1 h 
in presence of 0.5 wt% PDDA or PEI and stirred overnight. During the PDDA 
functionalization process, 2 g NaCl was added in order to promote the PDDA 
functionalization 24, 26. The functionalized CNTs were washed with ultrapure water for 
several times to remove the excess PDDA or PEI. The products were noted as PDDA-
CNTs and PEI-CNTs respectively. For AP functionalization, 200 mg pristine CNTs 
were dispersed in 100 mL ethanol with ultrasound for 1 h in the presence of 20 mg of 
AP, then stirred overnight for 12 h and filtrated using nylon membrane, followed by 
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washing for several times with ethanol to remove the excess AP. The product was 
noted as AP-CNTs. In the case of THF functionalization, 200 mg of pristine CNTs 
were dispersed in 100 mL THF with ultrasound for 1 h, and then stirred for overnight 
and filtrated using nylon membrane. The product was noted as THF-CNTs. For 
comparison, CNTs were also functionalized by a conventional acid oxidation 
treatment following the procedure reported elsewhere26. In this method, 200 mg of 
CNTs were treated in 200 mL of a mixed acid solution (H2SO4:HNO3 in 1:1 v/v), 
followed by refluxing at 140 oC for 4 h. The obtained solution was then diluted with 2 
L of deionized water to reduce the acidity of the solution, followed by filtration. The 
acid-treated CNTs are denoted as AO-CNTs. The as-functionalized CNTs were dried 
in vacuum oven at 70oC for 24 h.  
8.2.2 Synthesis of PtRu/CNTs electrocatalysts 
To prepare PtRu/CNTs, 30 mg PDDA, PEI, AP and THF functionalized CNTs and 
AO-CNTs were firstly ultrasonicated in 50 mL ethylene glycol (EG) solution for 30 
min respectively before the addition of approximate amount of H2PtCl6 and RuCl3 
with Pt:Ru ratio of 1:15. The solution was controlled at a pH of slightly less than 7 
(e.g., pH 6.5) to maintain a weak acidity. The beaker was then placed in a microwave 
oven and heated for 2 min, followed by stirring overnight under pH 3-4. The solution 
was then filtered using a nylon filter membrane and washed for several times. The 
obtained catalysts were dried in a vacuum oven at 70oC for 24 h. The metal loading 
on CNTs was controlled at 40 wt%. The products were noted as PtRu/PDDA-CNTs, 
PtRu/PEI-CNTs, PtRu/AP-CNTs, PtRu/THF-CNTs and PtRu/AO-CNTs. 
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8.2.3 Characterization 
Thermo gravimetric (Q5000, USA) analyses (TGA) were performed to investigate the 
loading of PDDA, PEI, AP and THF under air flow upon equilibration at 100 °C for 
15 min, followed by a ramp of 10 °C min-1 up to 800°C. And PtRu loading were also 
tested using TGA under air upon equilibration at 100 °C for 15 min, followed by a 
ramp of 10 °C min-1 up to 800°C. The Raman spectra were recorded in air at room 
temperature using a Perkin–Elmer GX Raman spectrometer with a back-scattered 
configuration and equipped with a Nd:YAG laser at 1064 nm as its light source for 
Raman. Distributions of PtRu NPs on MWCNT were characterized using a 
transmission electron microscope (JEOL JEM-2000EX, Japan) with operating at 200 
kV. Here, the mean sizes of the PtRu NPs were obtained by measuring 250 randomly 
chosen particles in the TEM images. The products were identified with X-ray 
diffractometer (XRD, Rigaku D/MAX RINT 2500) operated at 40 kV and 30 mA 
with Cu Ka (l = 1.5406 A˚) in the range of 20-90o. The X-ray photoelectron 
spectroscopy (XPS) measurements were carried out on a XPS apparatus (ESCALAB 
250, Thermo-VG Scientific Ltd.). The Pt:Ru ratio of as obtained catalysts was further 
confirmed by Inductively Coupled Plasma (ICP-OES, IRIS Intrepid Ⅱ XSP,USA). 
The solution for ICP analysis were prepared as follow: All the PtRu catalysts were 
burned in TG pan, and the solid were collected and digested in PTFE digestion tank 
using microwave dissolver (SINEO, HDS-8G) with 10 mL aqua regia (the procedure 
was set as: 150 oC, 5 min; 180 oC, 5 min; 200 oC, 10 min; 230 oC, 20 min ).  
The electrochemical measurements were conducted in a standard electrochemical cell 
using a Princeton potentiostat（Versastat3，USA）. Generally, 4 mg of the catalyst 
was ultrasonically mixed in 4 mL of ethanol nafion mixture (with Ethnol: Nafion 9:1) 
to form a homogeneous ink, followed by dropping 10 μL of the catalyst ink onto the 
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surface of a glass carbon electrode (GCE). The diameter of GCE was 4 mm. Pt foil 
(3.0 cm2) and Ag/AgCl (saturated KCl) electrodes were used as the counter and 
reference electrodes, respectively. All potentials in the present study were given 
versus Ag/AgCl (saturated KCl) electrode. The electrochemical active area of 
PtRu/CNTs were measured in a nitrogen-saturated 0.5 M H2SO4 solution at a scan 
rate of 50 mV s-1 and the elelctrocatalytic activity for the MOR was measured in a 
nitrogen-saturated 0.5 M H2SO4 + 1.0 M CH3OH solution at a scan rate of 50 mV s-1. 
The Pt metal loading was kept at 2 μg. The tests were conducted at 25oC.  
The CO-stripping was performed in a nitrogen-saturated 0.5 M H2SO4 solution. First, 
the solution was bubbled with ultrapure N2 for 15 min, then CO was adsorbed by 
flowing 0.5% CO in N2 at a flow rate of 50 ml min−1 through the working electrode 
compartment by keeping the potential at −0.12 V versus Ag/AgCl reference electrode 
for 30 min, followed by bubbling N2 for 30 min by keeping the potential at the same 
value. The potential was scanned from 0 to 1.0 V at a scan rate of 50 mV s-1. 
8.3 Results and Discussion 
8.3.1 TGA and Raman spectra analysis of functionalized CNTs  
Table 8.1. The loading of functionalization agents, PtRu NPs and decomposition temperature of 
functionalized CNTs and the Raman ID/IG ratio. 
Electrocatalysts Agent loading (%) 
PtRu loading 
(%) 
Decomposition temperature 
(oC) 
Raman 
ID/IG 
PDDA 3.5 37.0 550-690 2.85 
PEI 3.0 37.1 550-705 2.9 
AP 1.0 38.0 550-695 2.7 
THF 1.0 38.0 550-670 3.1 
AO - 36.1 400-620 3.6 
CNTs - - 550-680 3.1 
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Figure 8.2. TGA curves of A) CNTs, PDDA-CNTs, PEI-CNTs, AP-CNTs, THF-CNTs and AO-CNTs, 
B) differential TGA curves, showing the decomposition of CNTs and functionalized CNTs under air 
flow, C) PtRu supported on PDDA-CNTs, PEI-CNTs, AP-CNTs, THF-CNTs and AO-CNTs under air 
flow. 
The loadings of PDDA, PEI, AP and THF on CNTs and PtRu on functionalized CNTs 
were analyzed by TGA method and the results are shown in Fig. 8.2. The loading of 
the functionalization agents was determined from the weight loss around 400 oC. The 
loading of PDDA and PEI on CNTs is 3.5 wt% and 3.0 wt%, respectively, and it is ~1 
wt% AP and THF assembled onto CNTs (Fig. 8.2 A). The low loading of AP and 
THF is probably due to their much smaller molecule weight. The decomposition 
temperature of CNTs is also affected by the functionalization. The decomposition 
temperatures of PDDA, PEI and AP functionalized CNTs are around 550-690, 550-
705, 550-695 oC respectively, higher than 550-680 oC of pristine CNT (Fig. 8.2B). 
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This indicates that PDDA, PEI and AP wrapped on CNTs surface improve the thermal 
stability of CNTs. On the other hand, the decomposition of THF-CNTs slightly shifts 
to lower temperature (550-670oC) as compared to that of pristine CNTs. This may be 
because of the extra oxygen atoms assembled on the surface of CNTs by THF 
functionalization (Fig. 8.1). AO-CNTs starts to lose weight at temperatures as low as 
200 oC and its decomposition temperature is around 400-620 oC, significantly lower 
than pristine CNTs. This indicates that acid oxidation treatment reduces the thermal 
stability of CNTs probably due to the structural damage of CNTs by acid treatment.  
The loading of PtRu NPs on CNTs was also obtained from TGA (Fig. 8.2 C). The 
PtRu loading supported on PDDA-CNTs, PEI-CNTs, AP-CNTs, THF-CNTs and AO-
CNTs are 37.0, 37.1, 38.0, 38.0 and 36.1 wt%, respectively. The measured PtRu 
loading is close to the design loading 40 wt%. The PtRu ratios of as-synthesized 
catalysts were also analyzed by ICP, and the Pt:Ru ratio supported on PDDA-CNTs, 
PEI-CNTs, AP-CNTs and THF-CNTs is 0.94:1, 1.01:1, 1.02:1 and 0.97:1, 
respectively. The loading of functionalization agents, PtRu NPs and decomposition 
temperature of functionalized CNTs are summarized in Table 8.1. 
 
Figure 8.3. Raman spectroscopy of pristine CNTs, PDDA-CNTs, PEI-CNTs, AP-CNTs, THF -CNTs 
CNTs and AO-CNTs. 
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Fig. 8.3 is the Raman spectra of the pristine CNTs and functionalized CNTs. The 
relative intensity ratio of the D (near 1300 cm-1) to G (in the 1580-1600 cm-1 region) 
band (ID /IG) is used as probes of CNT wall integrity (Table 8.1) 39. The calculated ID/ 
IG value for pristine CNTs is 3.1. For AO-CNTs, the ID/IG ratio is 3.6, significantly 
higher than pristine CNTs, which demonstrates that acid oxidation treatment brings 
significant number of defects on the surface of CNTs and result in an increase of 
disordered sp2 carbon material40, 41. The values of ID/IG of PDDA, PEI, AP and THF 
functionalized CNTs are 2.85, 2.9, 2.7 and 3.1, respectively. The results indicate that 
PDDA, PEI and AP functionalized MWCNT have fewer defects as compared to AO-
CNTs most likely due to the self-assembly and wrapping of PDDA, PEI and AP 
which enhances the stability of the CNTs with fewer defects. The ID/IG ratio of THF-
CNTs is almost the same as pristine CNTs and the reason is most likely related to the 
weak interaction between THF and CNTs. The improved structural stability of 
PDDA, PEI and AP functionalized CNTs appears to be consistent with the thermal 
stability of the corresponding functionalized CNTs. 
8.3.2 TEM, XRD and XPS analysis of PtRu/CNTs catalysts 
Fig. 8.4 shows the TEM images and the corresponding histograms of the particle sizes 
distribution of PtRu NPs on functionalized CNTs. In the case of PtRu/AO-CNTs, the 
dispersion of PtRu NPs is relatively poor with a large number of aggregates and the 
average particle size of PtRu NPs is ~4.2 nm (Fig. 8.4 E). In the case of PtRu NPs 
supported on PDDA-CNTs, PEI-CNTs, AP-CNTs and THF-CNTs, the distribution of 
PtRu NPs is significantly better than that supported on AO-CNTs. The average 
particle sizes of PtRu NPs supported on PDDA-CNTs, PEI-CNTs, AP-CNTs and 
THF-CNTs are ~3.13, ~2.98, ~2.94 and ~3.28 nm (Fig. 8.3 A-D), respectively. 
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PDDA, PEI, AP and THF functionalized CNTs are far more effective catalyst 
supports for Pt-based NPs as compared to the conventional acid-oxidized CNTs.  
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Figure 8.4. TEM images of (a) PtRu/PDDA-CNTs, (b) PtRu/PEI-CNTs, (c) PtRu/AP-CNTs, (d) 
PtRu/THF-CNTs and (e) PtRu/AO-CNTs. Left image is the low magnification TEM and right image is 
the corresponding high resolution TEM. The insert is the histograms of particle size distribution 
The morphology and particle size distribution of PtRu NPs appears to be affected by 
the functionalization agents. The PtRu NPs supported on PEI-CNTs, AP-CNTs and 
THF-CNTs show better dispersion as compared to that on PDDA-CNTs. PDDA used 
in the present study has a high molecular weight around 100,000, and can interact 
with the CNTs surface through π-π interaction due to the presence of unsaturated 
contaminant in the PDDA chain through aligned configuration, helical wrapping, and 
peseudohelical organization42, 43. The presence of 2-3% of the unsaturated 
contaminant is formed during the polymerization of the monomer. The presence of 
some agglomeration of PtRu NPs on PDDA-CNTs (Fig. 8.3A) indicate that the orbital 
overlap through π-π transition via the 2-3% unsaturated contaminant in the PDDA 
chain may not be sufficient to cover the whole surface of the CNTs, leading to the 
relatively lower density of PtRu NPs when compared with that PtRu supported on PEI 
and AP functionalized CNTs.  
In the case of THF functionalized CNTs, THF interacts with the CNTs through the σ-
π interaction between the π bonds of CNTs and the σ bonds of cyclopentanes of 
THF33. However, the interaction between THF and CNTs would be relatively weak 
due to the small molecular weight and the weak σ-π interaction. This may explain the 
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fact that PtRu NPs supported on THF-CNTs have a relatively larger average particle 
size (3.28 nm) as compared with that supported on PDDA-CNTs, PEI-CNTs as well 
as AP-CNTs.  
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Figure 8.5. XRD patterns of PtRu/PDDA-CNTs, PtRu/PEI-CNTs, PtRu/AP-CNTs, PtRu/THF-CNTs 
and AO-CNTs. 
Fig. 8.5 is the XRD spectra of the as-synthesized PtRu catalysts supported on 
functionalized CNTs. The high peak near 2θ of 26o originates from the graphitic 
carbon of CNTs. The XRD results show the presence of broad diffraction peaks at 
39.6o and 46.3o, which can be assigned to Pt(111) and Pt(200) and consistent with the 
face-centered cubic (fcc) structure of platinum44. No recognizable Ru hexagonal 
close-packed (hcp) structure or RuO2 tetragonal phase was observed in all the 
samples, suggesting that Ru was mostly incorporated into the Pt fcc lattice and formed 
Pt-Ru bimetallic alloy (reference: PtRu NPs Supported on Ozone-Treated 
Mesoporous Carbon Thin Film As Highly Active Anode Materials for Direct 
Methanol Fuel Cells). For crystallites with a size less than 5 nm, the spread of 
measured intensities becomes so large that neighboring reflections Pt(111) and 
Pt(200) start overlapping in amplitude rather than intensity45. The XRD patterns show 
that PtRu supported on PDDA-CNTs, THF-CNTs and AO-CNTs have higher peaks 
of Pt(111), which indicate increased crystallinity and relatively larger particle sizes of 
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PtRu NPs supported on PDDA and THF functionalized CNTs. The relatively lower 
intensity and overlapping of the neighboring reflections of Pt (111) and Pt (200) for 
PtRu NPs supported on PEI and AP functionalized CNTs indicates PtRu NPs 
supported on PEI and AP functionalized CNTs have a smaller average particle size, 
which are consistent with the results obtained from the TEM data. 
Table 8.2. Relative concentration and ratio of Pt/Ru and BE of Pt obtained from XPS spectra of PtRu 
NPs supported on AP, PDDA, PEI and THF functionalized CNTs. 
Species Relative concentration (%) Species Relative concentration (%) AP PDDA PEI THF AP PDDA PEI THF 
Pt(0) 42.3 43.3 44 44.2 Ru(0) 46.1 37.6 79.4 55.6 
Pt(II) 32.4 32.4 33.8 32 Ru(IV) 35.2 36.8 10.3 33.3 
Pt(IV) 25.3 24.1 22 23.9 Ru(IV) (hydrate) 18.7 25.6 10.3 11.1 
          
 Pt:Ru ratio by ICP  Pt:Ru ratio by XPS 
 1.02:1 0.94:1 0.101:1 0.97:1  1.04:1 0.85:1 1.01:1 0.89:1 
          
 Binding Energy, eV   Binding Energy, eV AP PDDA PEI THF AP PDDA PEI THF 
Pt4f7/2 75.08 74.85 75.08 74.85 Ru3p3/2 485.8 486.5 485.8 485.2 
Pt4f5/2 71.8 71.5 71.8 71.5 Ru3p1/2 463.5 464.2 463.5 463.1 
XPS was employed to analyze the composition of PtRu supported on functionalized 
CNTs and the results are shown in Fig. 6 and Table 8.2. XPS peak deconvolution of 
Pt 4f and Ru 3p reveal metallic Pt(0), Pt(II) and Pt(IV) on the PtRu NPs on 
functionalized CNTs are in the range of 42.3-44.2%, 32-33.8% and 22-25.3% (Table 
8.2), indicating that the distribution of Pt(0), Pt(II) and Pt(IV) species is similar for 
the PtRu catalysts studied. However, the binding energy of Pt is affected by the 
functionalization agent. Pt4f binding energy of PtRu NPs in PtRu/PEI-CNTs and 
PtRu/AP-CNTs shifted +0.23 eV as compared with that in PtRu/PDDA-CNTs and 
PtRu/THF-CNTs (Fig. 8.6 C). The change of the binding energy of Pt4f is most likely 
due to the electron transfer between Pt and amino groups in the PtRu/PEI-CNTs and 
PtRu/AP-CNTs catalysts, similar to that observed in Pt NPs supported on polypyrrole 
carbon black46 and in Au clusters stabilized by poly(N-vinyl-2-pyrrolidone) 47. In the 
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case of Ru, there is more metallic Ru (0) observed for PtRu supported on PEI-CNTs 
(79.4%). Relatively high Ru (0) was also observed for PtRu supported on THF 
(55.6%) and AP (46.1%) functionalized CNTs. For PtRu/PDDA-CNTs; it is of 37.6% 
Ru (0).  
 
 
 
Figure 8.6. XPS core-level spectra for Pt 4f and Ru 3p regions of PtRu supported on AP, PDDA, PEI 
and THF functionalized CNT 
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As shown in Table 8.2, the Pt:Ru ratio obtained from XPS is 1.04:1, 0.85:1, 1.01:1 
and 0.89:1 for PtRu supported on AP, PDDA, PEI and THF functionalized CNTs, 
respectively. The results show that PtRu supported on AP and PEI functionalized 
CNTs present an idea alloy surface with Pt:Ru ratio closing 1:1. While, the 
composition of Ru for PtRu supported on PDDA and THF functionalized CNTs is 
slightly higher than that obtained from ICP. Though the average NPs size of the 
prepared PtRu catalysts are in the range of 2.9-3.2 nm, the XPS results would enhance 
the composition of atoms in the surface region rather than those of more internal 
atoms48. Thus the XPS data presented here could be regard as near-surface 
composition somewhat coupled with bulk composition48, 49. Hence, the concentration 
of Ru on the particle surface for PtRu supported on PDDA and THF functionalized 
CNTs is slightly higher than Pt.  
8.3.3 Electrocatalystic activity for CO stripping and methanol oxidation reaction 
 
Figure 8.7. Cyclic voltammograms of PtRu/PDDA-CNTs, PtRu/PEI-CNTs, PtRu/AP-CNTs, 
PtRu/THF-CNTs and PtRu/AO-CNTs in (a) N2-saturated 0.5 M H2SO4 and (b) in a CO-saturated 0.5 M 
H2SO4 solution 
Fig. 8.7 A is the cyclic voltammograms (CVs) for PtRu/CNTs catalysts in a nitrogen-
saturated 0.5 M H2SO4 solution with a sweep rate of 50 mV s-1. The peaks in the 
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potential region -0.199-0.092 V are associated with the hydrogen adsorption process 
in the anodic scan50. The coulombic charge for hydrogen desorption (QH) was used to 
calculate the active platinum surface of the electrodes. The value of QH was calculated 
as the mean value between the amounts of charge exchanged during the electro-
adsorption and desorption of H2 on Pt sites minus the contribution of ‘‘double layer’’ 
charge. The electrochemical surface area (ESA) of PtRu NPs supported on the 
functionalized CNTs is listed in the Table 8.3. The values of ESA for PtRu NPs 
supported on PDDA, PEI, AP, THF and acid functionalized CNTs are 123.3, 141.4, 
132.4, 126.2 and 62.3 m2 g-1Pt respectively. The results indicate the ESA of PtRu 
supported on PDDA, PEI, AP and THF functionalized CNTs are quiet similar but 
more than 98-127% higher than that for PtRu NPs supported on AO-CNTs.  
Polyelectrolyte and solvent functionalization also enhances the activity of PtRu NPs 
for the CO oxidation reaction (Fig. 8.7 B). In the case of PtRu/PEI-CNT and 
PtRu/AP-CNTs, the peak current density for CO oxidation is 335 and 306 mA mg-1Pt 
with the same onset potential at 0.35 V and similar peak potential (around 0.59 and 
0.63V respectively). On the other hand, the CO oxidation peak is positively shifted to 
a high potential (0.67 V) for PtRu/ PDDA-CNTs. This may be because PDDA is able 
to draw electron from Pt atoms and increase the d-band center resulting in a strong 
chemisorption of CO species35. PtRu/THF-CNTs show relatively poor activity for CO 
oxidation with an onset potential of 0.4V and peak current density of only 204 mA 
mg-1Pt around 0.58 V. The electrocatalystic activity of PtRu supported on AO-CNTs 
for CO oxidation is very poor, showing a peak current density of 76 mA mg-1Pt at 0.66 
V.  
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Figure 8.8. Cyclic voltammograms of (a) in N2-saturated 0.5M H2SO4 + 1.0M CH3OH from -0.2 to 1.0 
V, (b) in N2-saturated 0.5M H2SO4 + 1.0M CH3OH from -0.2 to 0.6 V (c) the comparison of peak 
current density and current density at 0.4 V for methanol oxidation. The scanning rate was 50 mV s-1. 
Fig. 8.8 the activity for methanol oxidation of PtRu NPs supported on functionalized 
CNTs in a 0.5 M H2SO4 + 1.0 M CH3OH solution at sweeping rate of 50 mV s-1. The 
electrocatalystic activity of the Pt based electrocatalysts can be assessed by the 
forward peak current density. The peak current density for the MOR on PtRu/AO-
CNTs is 110 mA mg-1Pt, significantly lower than that observed for the reaction on 
PtRu supported on non-covalent functionalized CNTs (Fig. 8.8 A). This again 
demonstrates that non-covalent functionalized CNTs are better supports for PtRu NPs, 
consistent with the data reported elsewhere5, 24. The best performance was obtained on 
PtRu NPs supported on PEI-CNTs and AP-CNTs, achieving a forward peak current of 
635 and 585 mA mg-1Pt, which are significantly better than 440 and 425 mA mg-1Pt 
measured on PtRu/PDDA-CNTs and PtRu/THF-CNTs, respectively. Considering the 
working state of DMFCs, the current density around 0.3, 0.4 and 0.5 V were also 
compared with the scan from -0.2 to 0.6 V and the results were presented in Fig. 8.8 
B, and the current density and onset potential current density are also given in Table 
8.3. The current density observed around 0.3, 0.4 and 0.5 V show a similar trend with 
peak current density. For example, the current density at 0.4 V is 291, 202, 182 and 
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158 mA mg-1Pt for PtRu supported on PDDA, PEI, AP and THF functionalized CNTs, 
which is significantly higher than that of PtRu/AO-CNTs. 
 
Figure 8.9. Chronoamperometry of PtRu/PDDA-CNTs, PtRu/PEI-CNTs, PtRu/AP-CNTs, PtRu/THF-
CNTs and PtRu/AO-CNTs measured in a 0.5 M H2SO4 + 1.0M CH3OH solution under a cell voltage of 
a) 0.6V, b) 0.4 V. 
Fig. 8.9 shows chronoamperometry curves of the PtRu NPs supported on 
functionalized CNTs, measured in a solution of 0.5 M H2SO4 + 1.0 M CH3OH at a 
constant potential of 0.6 V and 0.4 V. The oxidation current decrease rather rapidly 
initially for all the catalysts studied and the decay is most likely due to the poisoning 
of intermediate species, such as COads, CH3OHads, COOHads, and CHOads formed 
during the MOR 51, 52. In the case of 0.6 V, which is similar with the extreme working 
condition of DMFCs, PtRu/PEI-CNTs, PtRu/AP-CNTs and PtRu/PDDA-CNTs 
reached a relatively stable current density of 160, 106 and 80 mA mg-1Pt respectively 
after initial current decay. For the reaction on PtRu/THF-CNTs and PtRu/AO-CNTs, 
the current is 16 and 18 mA mg-1Pt after polarized for 5000 s. The results from the 
chronoamperometry at 0.4 V show a similar trend with that at 0.6 V (Fig. 8.9 B). 
These results indicate that PtRu NPs supported on PEI, AP and PDDA functionalized 
CNTs have a much higher stability as compared to that on THF-CNTs and AO-CNTs. 
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Table 8.3. Particle Size, electrochemical surface area, peak current density of PtRu supported on 
functionalized CNTs for methanol oxidation reaction. 
Electrocatalysts 
Particle 
size 
(nm) 
ESA 
(m2 g-
1Pt) 
Onset potential 
(mV) 
Peak current (mA 
mg-1Pt) 
Current density 
(mA mg-1Pt) 
0.3V 0.4V 0.5V 
PDDA 3.13 123.3 250 440 115 182 214 
PEI 2.98 141.4 200 635 152 291 375 
AP 2.94 132.5 200 585 121 202 276 
THF 3.28 126.2 250 425 105 158 195 
AO 4.2 62.3 500 110 52 75 100 
8.3.4 Effect of functionalization agents 
The present study shows that the composition and structure of the functionalization 
agents play an important role in the electrocatalystic activity of PtRu NPs for the 
MOR. The much better dispersion and smaller particle size of PtRu supported on non-
covalent functionalized CNTs by PDDA, PEI, AP and THF as compared to that 
supported on acid functionalized CNTs clearly indicates that non-covalent 
functionalization is very effective to introduce uniformly distributed binding sites on 
CNTs with no detrimental effect on the intrinsic properties of CNTs. The TGA and 
Raman analysis demonstrate that non-covalent functionalization enhance the thermal 
and structural stability of CNTs in particular for the functionalization agents with 
strong intermolecular force or interaction with the CNTs, e.g., through π-π stacking 
between the functionalization agents and CNTs. In the case of weak intermolecular 
force between the functionalization agent like THF and CNTs, the non-covalent 
functionalization enhances the dispersion of PtRu NPs but has little effect on the 
thermal and structural stability of CNTs. 
The superior of the non-covalent functionalization is also supported by the much 
higher electrocatalytic activity of PtRu NPs on PDDA, PEI, AP and THF 
functionalized CNTs as compared to that on AO-CNTs (Fig. 8.8 A). PtRu NPs 
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supported on PEI, AP, PDDA and THF functionalized CNTs show a significantly 
higher peak current density (635-425 mA mg-1Pt) than 110 mA mg-1Pt measured on 
PtRu/AO-CNTs. Most important observation in the present study is the significant 
dependence of the electrocatalystic stability of the PtRu NPs on the nature of the 
functionalization agents. The PtRu NPs on PDDA, PEI and AP functionalized CNTs 
show a much better stability (160 to 80 mA mg-1Pt at 0.6 V after polarized for 5000 s 
and 60 to 25 mA mg-1Pt at 0.4 V after 2000 s polarization) as compared to that 
supported on THF-CNTs. The current density measured at 0.6 V after polarized for 
5000 s for the reaction on PtRu/THF-CNTs is 16 mA mg-1Pt, close to 18 mA mg-1Pt 
measured on PtRu/AO-CNTs. This indicates that THF functionalization has no 
enhance effect on the stability of PtRu electrocatalysts towards the poisoning of the 
reaction intermediates. The best results were obtained on PtRu/PEI-CNTs with 
highest activity and stability for the MOR (see Table 8.3). On the other hand, XPS 
analysis shows that the differences in the PtRu ratio or the electronic states of the 
PtRu NPs supported on functionalized CNTs are very small (Table 8.2). 
PEI and AP contain amino groups while PDDA is a water-soluble quaternary 
ammonium polyelectrolyte. THF is an oxygen-containing heterocycle with five-
membered rings and no nitrogen-containing groups. The electronegativity difference 
between carbon and oxygen makes the C-O bond moderately polar. PEI is a cationic 
polymer with repeating unit composed of the amine group and two carbon 
aliphatic CH2CH2 spacer (Fig. 8.1). The assembly of the PEI on CNTs would be 
strong due to the high molecular weight and the electrostatic attraction between the 
positively charged PEI and negatively charge CNTs, resulting in the attachment of 
large amount of N-containing amine group on the outer surface of CNTs. PDDA is 
also a cationic polymer with N-containing repeating unit, but the π-π interaction with 
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the CNTs surface primarily occurs through the 2-3% of unsaturated contaminant in 
the PDDA chain 42, 43. This may limit the attachment of N-containing functional 
groups to the surface of CNTs. The lower density of attached N-groups on the CNTs 
surface may also contribute to the relatively poor dispersion of PtRu NPs on PDDA-
CNTs (Fig. 8.4 A). In the case of 1-AP, the interaction with CNTs is via π-π stacking. 
However, due to the bulk size of benzene rings, the attached nitrogen functional 
groups on the surface of CNTs would be expected to be smaller than that of PEI but 
higher than that of PDDA. Fig. 8.10 shows schematically the assembly of PEI, 1-AP 
and PDDA on the outer wall surface of CNTs. The high density of N-containing 
functional groups assembled on CNTs in the case of PEI and 1-AP is consistent with 
the +0.23 eV positive shift of Pt4f BE of PtRu NPs supported on PEI and AP 
functionalized CNTs as compared to that supported on PDDA-CNTs (Fig.8.6 C). 
 
Figure 8.10. Schematic of the assembly of PEI, 1-AP and PDDA on the surface of CNTs. 
It has been shown that the doped carbon materials by nitrogen, boron, phosphorus and 
sulfur have high electrocatalystic activity, high durability and high tolerance towards 
poisoning of the fuel cell reactions53-58. Doping with heteroatoms can modulate the 
structure, electronic and physicochemical properties of carbon materials like CNTs. 
For example, for the N-doped electron rich CNTs, the π electrons of carbon can be 
activated by the conjugation with the lone-pair electrons of N dopants, and the O2 can 
be effectively reduced on the neighboring positively charged carbon atoms 59. 
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Nitrogen doped CNTs and graphene also enhance the activity of Pt and PtRu NPs for 
the MOR 60-62. Incorporation of nitrogen into carbon supports also improves the 
stability of PtRu NPs for the MOR as shown by Olsen et al63. The electron-rich 
dopants such as nitrogen are beneficial for the breaking the electroneutrality of the sp2 
carbon to create charged sites for the adsorption of oxygen species and promote the 
MOR and ORR46, 64. N-containing functionalization agents such as PEI and 1-AP 
would have higher amino-containing functional groups assembled on the CNTs as 
compared with that of PDDA, as schematically shown in Fig. 8.10. The positive shift 
of the BE of Pt4f in the case of PtRu NPs supported on PEI and 1-AP functionalized 
CNTs indicates the strong interaction between N-containing functional groups 
assembled on CNTs and PtRu NPs, most likely due to the electron donating of large 
number of nitrogen-containing functional group assembled on CNTs. In the case of 
PDDA-CNTs, the electron donating effect of limited quaternary ammonium group 
assembled on the CNTs surface may be reduced by the electron drawing of cationic 
PDDA. This may explain the no change in BE of Pt4f for PtRu/PDDA-CNTs (Fig. 8.6 
C). The nitrogen in the amino functional groups of the attached functionalization 
agents can activate the π electrons of CNTs supports and promotes the MOR, similar 
to that observed for the N-doped carbon materials like CNTs and graphene 59-62. The 
promotion effect of nitrogen in the functionalization agents is evidently supported by 
the high activity and stability of PtRu supported on PEI and 1-AP functionalized 
CNTs and in less degree on PDDA functionalized CNTs, as compared with THF and 
AO functionalized CNTs. The results in the present study indicate the strong 
dependence of the activity and stability of PtRu NPs on the distribution and density of 
N-containing functional groups assembled on the surface of CNTs in the following 
order: 
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PtRu/PEI-CNTs > PtRu/AP-CNTs > PtRu/PDDA-CNTs >> PtRu/THF-CNTs ~ 
PtRu/AO-CNTs 
THF contains no nitrogen and thus, despite the initial high activity of PtRu/THF-
CNTs for the MOR, its resistance toward the poisoning of intermediate species such 
as CO of the MOR is very low as the assembled THF offers no promotion effect for 
the MOR, similar to that of PtRu/AO-CNTs (Fig. 8.9).  
8.4 Conclusion 
In this work, the effect of nitrogen-containing functionalization was studied on PtRu 
NPs supported on PDDA, PEI, AP and THF functionalized CNTs. PtRu NPs with 
particle size around 3 nm and similar Pt/Ru ratio were successfully synthesized onto 
the functionalized CNTs. Non-covalent functionalization by polyelectrolytes or 
solvents is far more effective to uniformly assembly PtRu NPs on CNTs and enhances 
the thermal and structural stability of CNTs as compared with the conventional acid 
functionalized CNTs. PtRu catalysts supported on PEI-CNTs and 1-AP-CNTs and in 
less extent on PDDA-CNTs exhibited much higher electrocatalytic activity and 
stability toward the MOR as compared to that on THF-CNTs and AO-CNTs. The 
fundamental reason for the high electrocatalytic activity of PtRu NPs on PEI, 1-AP 
and in less extend on PDDA functionalized CNTs is the strong interaction between 
the electron rich nitrogen of the functional group of the functionalization agents and 
CNTs, indicated by the positive shift of the BE of Pt4f. The strong interaction of 
electron-rich nitrogen of the functional groups could activate the π electrons of carbon 
and promote the electrocatalytic activity and stability of PtRu catalysts, similar to that 
reported on nitrogen-doped carbon materials. The results indicate that the 
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functionalization agents with ammonium or amino groups are particularly effective to 
enhance the activity of the PtRu NPs for the MOR of fuel cells. 
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Chapter 9: New Core-Shell Structured 
PtRuCox Nanoparticles Supported on Carbon 
Nanotubes as Highly Active and Durable 
Electroctalysts for Direct Methanol Fuel 
Cells  
9.1 Introduction  
Direct methanol fuel cells (DMFCs) have been extensively studied as promising 
energy conversion devices due to the fact that methanol fuel has a high energy density 
(17900 kJ/L) and is safe for storage and transportation.1-2 However, the sluggish 
kinetic rates for MOR are significant hurdles for the large-scale production of cost-
effective and highly efficient DMFCs. To date, platinum based catalysts have been 
considered the efficient catalysts for DMFCs. Unfortunately, MOR on Pt-based 
electrocatalysts is limited by the significant poisoning of reaction intermediate species 
such as CO.3-4 Intensified research has been conducted all over the world in the 
development of active and stable electrocatalysts for MOR, particularly in the area of 
binary alloy catalysts such as, PtRu,5-7 PtOs,8 PtSn,9 PtW,8 PtPd,10 PtPb11-12 and 
PtMo.13 Among these, PtRu catalysts are considered as the best anode catalysts for 
DMFC.8, 14 Sustaining efforts are made to pursuit Pt based catalysts with high 
electrochemical activity, long-term durability and low cost both for cathode and anode 
in the past decades.1, 15-16 Many techniques have been developed to manipulate and 
control the morphology,17 shape,18-19 structure,20-21 composition9, 22 of the 
electrocatalysts by alloying Pt with other transition metals and optimizing supports to 
achieve high activity. Enhanced activity has also been achieved through uniformly 
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dispersing PtRu nanoparticles (NPs) on carbon nanomaterials such as carbon 
naotubes, mesoporous carbon or graphene.4-5, 23-24 The performance of PtRu for MOR 
can also be enhanced by incorporating the PtRu with metal oxides including MnO2,25 
TiO2,26 SnO2,27 MoOx,28 WO329 and Fe2O3.30 However, it remains challenging to 
develop MOR catalysts with high activity and long-term stability.  
Research recently focuses on the manipulation of nanoparticle structure in order to 
optimize the catalyst activity without increasing the loading of Pt.31-32 The dealloying 
of less noble elements from Pt based alloy NPs is a useful strategy to create high 
active surface area alloy that exhibits a Pt skeleton surface, or a highly coordinated 
pure Pt skin.33-34 Another strategy is to control the distribution of Pt in the particle to 
form core-shell,20, 31, 35-36 or Pt skin structure32, 37 to alter the binding energy and to 
enhance the catalyst performance. The core-shell structured NPs with monolayer or 
several layers of precious group metals on non-precious group metals core is of great 
interest to reduce the Pt loading and to increase the activity by tuning the activity of 
the shell metal through interactions with the core, and at the same time the Pt shell 
can protect the core metal from corrosion and result in higher long-term stability.31, 35-
36, 38-40 Pt-Ru core-shell NPs were shown to have enhanced activity for DMFCs.41-43 
Thermal annealing can lead to the segregation Pt atoms to the surface in controlled 
atmosphere.40, 44 For example, annealing the PtNi NPs resulted in a Pt-skeleton-type 
surface structure with improved activity.32 PtCu3 prepared by heat-treatment and 
dealloying shows improved activity and stability for the O2 reduction reaction.45 
Pt3Co NPs synthesized using an impregnation reduction method and annealed at 400 
oC and 700 oC under H2 atmosphere led to the formation of ordered Pt3Co 
intermetallic cores with a 2-3 atomic-layer-thick platinum shell, exhibiting over 200% 
increase in mass activity and over 300% increase in specific activity for the O2 
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reduction reaction when compared with the disordered Pt3Co alloy NPs as well as 
Pt/C.46 
To the best of our knowledge, there appears to be no report on the combining of 
dealloying and annealing through manipulating and controling the PtRu NPs to 
simultaneously achieves enhanced activity and stability for MOR. Here, we developed 
a method to design carbon nanotube supported PtRu skinned PtRuCox core-shell NPs 
via successive dealloying and annealing treatment. The prepared PtRuCox catalysts 
exhibit enhanced activity and excellent stability for MOR of DMFCs. 
9.2 Experimental 
9.2.1 Materials 
Materials used in this experiment include sulfuric acid (99.5%, Fluka), nitric acid 
(65%, Fluka), ethanol (Sigma-Aldrich), methanol (Sigma-Aldrich), MWNTs 
(Shenzhen Nano, China), H2PtCl6 (Sigma-Aldrich), RuCl3 (Sigma-Aldrich), 
Co(NO3)2 (Sigma-Aldrich), ethylene glycol (Sigma-Aldrich), Nafion solution (5% in 
isoproponal and water), poly(ethyleneimine) (PEI, molecular weight ~1300, Sigma-
Aldrich), and PtRu/C (60 wt% PtRu/C, Alfa Aesar). All the chemicals were used 
without further purification.  
9.2.2 Synthesis of PtRuCox/CNTs electrocatalysts 
The procedures to synthesize PtRuCo catalysts supported on PEI-fucntionalized 
CNTs via dealloy and annealing was presented in Fig. 9.1. Pristine CNTs (200 mg) 
was sonicated in 400 mL Milli-Q water in the presence of 0.5 wt% PEI for 1 h, then 
the dispersion was stirred for overnight, filtrated using nylon membrane and washed 
for several times to remove the excess PEI. The obtained solid was then dried in 
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vacuum oven for 24 h at 71 oC. The product was noted as PEI-CNTs. PEI-CNTs (100 
mg) was first ultrasonicated in 150 mL ethylene glycol (EG) solution for 60 min 
before the addition of approximate amount of H2PtCl6, RuCl3 and Co(NO3)2 with 
atomic ratio of Pt:Ru:Co = 1:1:1. The solution was controlled at a pH of slightly less 
than 7 (e.g., pH 6.5) to maintain a weak acidity and was bubbled with pure N2 for 15 
min. The beaker was then placed in a microwave oven (1000 W) and heated for 4 
min, followed by stirring overnight under pH 3-4. The solution was filtered using a 
nylon filter membrane and washed for several times. The as-synthesized catalysts 
were noted as PtRuCo. Dealloying of PtRuCo was carried out by mixing 50 mg 
PtRuCo in 50mL 1:1 HNO3 and ultra-sonicated for 5 min. After the acid treatment, 
the PtRuCo catalysts were annealed at 200, 300, 350, 400, 450, and 500℃ under 
argon flow for 1 h. In this paper, the assembled PtRuCo NP alloy is denoted as 
PtRuCo, PtRuCo after dealloying is denoted as PtRuCox, PtRuCox after annealed at 
different temperature is denoted as PtRuCox-T, e.g. PtRuCox after annealed at 450℃ 
is denoted as PtRuCox-450. For comparison, PtRuCo without dealloying was annealed 
at 450 oC and was denoted as PtRuCo-450.  
 
Figure 9.1. Procedure of the synthesis of core-shell structured PtRuCox NPs supported on PEI-
functionalized CNTs. 
CNTs
PEI/CNTs
PEI Functionalization
PEI/CNTs +Ru2+ + Co2+ +[PtCl6]2-
[PtCl6]2-, Ru2+, Co2+ Precursors
EG + Microwave
PtRuCo/CNTs
PtRuCox/CNTs
Dealloying in HNO3
PtRuCox/CNTs
Annealing in Argon
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9.2.3 Characterization  
Microstructures of PtRuCo, PtRuCox and PtRuCox-T catalysts supported on CNT 
were characterized using a high resolution TEM transmission electron microscope 
(TEM JEOL3000) with operating at 300 kV. The products were identified with X-ray 
diffractometer (XRD, Rigaku D/MAX RINT 2500) operated at 40 kV and 30 mA 
with Cu Ka (l = 1.5406 A˚) in the range of 20-90o. The X-ray photoelectron 
spectroscopy (XPS) measurements were carried out on a XPS apparatus (ESCALAB 
250, Thermo-VG Scientific Ltd.) with photon energy of 1450 eV. The Pt:Ru:Co ratio 
of the catalysts was also analyzed by Inductively Coupled Plasma (ICP-OES, IRIS 
Intrepid Ⅱ  XSP,USA). The solution for ICP analysis were prepared as follow: 
PtRuCo catalysts were burned in thermal gravimetric pan, and the solid were 
collected and digested in polytetrafluoroethylene (PTFE) digestion tank using 
microwave dissolver (SINEO, HDS-8G) with 10 mL aqua regia (the procedure was 
set as: 150 oC, 5 min, 180 oC, 5 min, 200 oC, 10 min, 230 oC, 20 min). And the 
PtRuCox-450 was further studied high angle annular dark field STEM and elemental 
mapping on Titan G2 60-300 at 80 kV.  
The electrochemical measurements were conducted in a standard electrochemical cell 
using a Princeton potentiostat (Versastat3，USA). Generally, 4 mg of the catalyst 
was ultrasonically mixed in 4 mL of ethanol nafion mixture (with Ethnol: Nafion 9:1) 
to form a homogeneous ink, followed by dropping certain amount of the catalyst ink 
onto the surface of a glassy carbon electrode (GCE). The diameter of GCE was 4 mm. 
The Pt loading is controlled at 0.01 mg cm-2. Pt foil (3.0 cm2) and Ag/AgCl (saturated 
KCl) electrodes were used as the counter and reference electrodes, respectively. 
Potentials in the present study were given versus Ag/AgCl reference electrode. The 
electrochemical active surface area (ESA) was measured in a N2-saturated 0.5 M 
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H2SO4 solution at a scan rate of 0.05 V s-1 and the elelctrocatalytic activity and 
stability for the MOR was measured in a N2-saturated 0.5 H2SO4 + 1.0 M CH3OH 
solution at a scan rate of 0.05 V s-1. The microstructure stability were performed by 
cyclic voltammetry in the potential window of -0.2-1.0 V in N2-saturated 0.5 M 
H2SO4 + 1.0 M CH3OH solution. For the purpose of comparison, the structural 
stability of conventional 60%PtRu/C from Alfa Aesar was also measured under the 
same test conditions. 
The CO-stripping was performed in a N2-saturated 0.5 M H2SO4 solution. First, 0.5 M 
H2SO4 solution was bubbled with pure N2 for 15 min, then CO was adsorbed by 
flowing 0.5% CO in N2 at a flow rate of 50 ml min−1 through the working electrode 
compartment by keeping the potential at -0.12 V versus Ag/AgCl for 30 min, 
followed by switching the gas to N2 for 30 min by keeping at the same potential. The 
potential was then scanned from 0.0 to 1.0 V at a scan rate of 0.05 V s-1.  
9.3 Results and discussion  
9.3.1 TEM, XRD and XPS analysis 
Fig. 9.2 is the high resolution TEM micrographs of PtRuCo and PtRuCox NPs 
annealed at different temperatures. PtRuCo alloy NPs were uniformly deposited onto 
the PEI functionalized CNTs, and the average size of the alloy catalysts is 2.4±0.5 nm 
(Fig. 9.2A). The particle sizes distribution is symmetrical with 82% of the NPs in the 
range of 1.6-2.5 nm. The Fast Fourier Transform (FFT) analysis of a PtRuCo alloy 
particle show that atomic plane distance is 0.22 nm, which is consistent with the 
parameter (0.22-0.23 nm) reported for PtRu alloy particles,47-48 indicating that the 
alloying of Co has no effect on the PtRu alloy lattice parameters. After dealloying 
treatment, the average size of PtRuCox is decreased to 2.1±0.4 nm, and NPs with sizes 
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less than 2.3 nm is about 89% due to the corrosion of surface cobalt from the alloy 
particles (Fig. 9.2 B). Atomic plane distance of 0.23 and 0.2 nm detected by the FFT 
analysis of PtRuCox is due to the deviation of the smaller Co atoms from the Pt fcc 
lattice and might expose Ru lattice, hence decrease the alloy degree of NPs. Oezaslan 
et al49 studied the size-dependent morphology of dealloyed bimetallic catalysts and 
found that nanopores or hollows were not observed in dealloyed Pt-Co and Pt-Cu NPs 
with size less than 5 nm due to the high surface energy of voids of small particles and 
the rapid annihilation process of vacancies by highly mobile low coordinated Pt 
surface atoms. Same could also be true for the dealloyed PtRuCox NPs due to the 
small size.  
  
Figure 9.2. TEM micrographs, histogram and Fast Fourier Transform (FFT) images of A) PtRuCo, B) 
PtRuCox, C) PtRuCox-300, and D) PtRuCox-450. 
After annealed at 300 oC, the PtRuCox catalysts were characterized by branched 
nanodendrites (average size of 8.1±1.7 nm) with diameter of 2-4 nm (Fig. 9.2C). This 
indicates that thermal treatment has a great influence on the morphology of the 
dealloyed PtRuCox NPs due to the coalescence and agglomeration of dealloyed NPs. 
With the increase of the annealing temperature to 450 oC, the PtRuCox shows multiple 
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planar-twinned NPs with average particle size of 4.2±0.7 nm (Fig. 9.2D). No 
branched nanodendrites were observed. The atomic plane distance was 0.22 nm and 
0.19 nm and the decrease in the atomic plane distance indicates the increase of the 
crystallinity of PtRuCox as compared to that annealed at 300oC.32, 50 
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Figure 9.3. XRD patterns of PtRuCo, PtRuCox, PtRuCox-200, PtRuCox-300 and PtRuCox-450.  
X-ray diffraction (XRD) measurements were used to identify the crystalline structures 
of PtRuCo, PtRuCox and PtRuCox-T, and the results are shown in Fig. 9.3. An 
overlapping and collapse of peaks between 2Ɵ = 35 to 46o might be because of the 
formation of small size PtRuCo alloy. Sun et al claimed that reducing the diameter of 
Pt NPs down to around 1 nm would lead to a collapse in the crystalline structure 
based on the combined experimental and computational studies.51 The peak for Pt 
(111) was observed at 2Ɵ= 39.5o for PtRuCo, and the peak shifted to 37.9o after 
dealloying. The lattice diameter is 0.3942 nm for PtRuCo and 0.4170 nm for 
PtRuCox. These results indicate the increase of d-spacing and expansion of the lattice 
constant due to the dealloying or corrosion of the smaller Co atoms from the Pt fcc 
lattice. The increase of the peak intensity near Ru (101) and the decrease in the 
intensity of Pt (111) peak of PtRuCox could be due to the reduced alloy degree and 
crystallinity of PtRuCo after dealloying. The intensity of the Pt(111) peak of the 
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PtRuCox increases with the annealing temperature, indicating the increase of 
crystallinity. With the increase of temperature, the peaks of Pt (111) are shifted to 
higher 2Ɵ values. For example, the peak for Pt (111) was observed at 2Ɵ of 39.5 and 
40.1o for PtRuCox-300 and PtRuCox-450, and the lattice parameters also changed to 
0.3913 and 0.3891 nm, respectively. These results demonstrated the decrease of 
lattice space (lattice shrinking) after annealing. On the other hand, the peak intensity 
around Ru(101) decreases with the increase of annealing temperature and almost 
disappeared after annealing at 450 oC. This indicates the reconstruction of the 
PtRuCox NPs and the most Ru is incorporated into the Pt (111) lattice to form an 
intermetallic alloy phase.  
Table 9.1. Particle size, electrochemical surface area, peak current density of PtRuCo, PtRuCox and 
PtRuCox annealed at different temperatures. 
Electrocatalyst Particle 
size (nm) 
Lattice 
parameter 
(nm) 
ESA 
(m2/g 
Pt) 
Onset 
potential 
(V) 
Peak Current 
density for MOR 
(A g-1Pt) 
CO onset 
potential (V) 
PtRuCo 2.4 0.3942 60.5 0.3 360 0.522 
PtRuCox 2.1 0.4170 110.5 0.22 608 0.400 
PtRuCox-200 - 0.3992 116.7 0.22 750 0.390 
PtRuCox-300 8.1 0.3913 70.2 0.22 905 0.380 
PtRuCox-350 - - - 0.22 910 - 
PtRuCox-400 - - - 0.22 945 - 
PtRuCox-450 4.2 0.3885 67.9 0.22 1017 0.280 
PtRuCox-500 - - - 0.22 890 - 
PtRuCo-450 - - 53.1 0.22 809 - 
XPS spectra reveal more information on the near surface composition of PtRuCo and 
PtRuCox NPs. Fig. 9.4A show the XPS survey spectra of PtRuCo, PtRuCox, PtRuCox- 
300, PtRuCox- 450, and Fig. 9.4B-C show the XPS core-level spectra for Pt4f, Ru3p 
and Co2p regions, respectively. The binding energy (BE) of Pt4f7/2 and Pt4f5/2 was 
observed at 71.6 and 74.9 eV for PtRuCo, and was positively shifted by 0.76 eV 
(72.32 eV) and 0.46 eV (75.4 eV), respectively for PtRuCox after dealloying. The 
increase in BE is due to the presence of higher oxidation state components (eg. PtO) 
resulted from the HNO3 treatment. The Ru3p1/2 and Ru3p3/2 peaks were observed at 
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485.9 and 463.3 eV for PtRuCo, and 487.0 and 464.3 eV for PtRuCox (Fig. 9.4C). 
The peak for Co2p was observed at 782.5 eV for PtRuCo, however, the Co2p peak 
disappeared after dealloying most likely due to the depletion of surface Co atoms and 
the low concentration of Co in the PtRuCox NPs (Fig. 9.4D). Annealing treatment 
changes the binding energy for Pt4f and Ru3p. For example, the BE was observed at 
71.6 and 75.0 eV for Pt4f7/2 and Pt4f5/2 for PtRuCox annealed at 450oC, PtRuCox-450, 
which is similar with that of PtRuCo. BE of Ru3p1/2 and Ru3p3/2 is at 485 and 462.5 
eV for PtRuCox-450, respectively, which is slightly lower than that of PtRuCo, 
indicating the increase of metallic Ru concentration.  
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Figure 9.4. A) XPS patterns of PtRuCo, PtRuCox, PtRuCox-300, PtRuCox-450, and core-level spectra 
for B) Pt4f regions, C) Ru3p regions, D) Co2p regions. 
Fig. 9.5 shows the peak deconvolution of Pt4f of the PtRuCo and PtRuCox annealed at 
different temperatures. The metallic Pt(0) decreased from 45.2% to 38.4% after 
dealloying of PtRuCo most likely due to the HNO3 acid treatment, which oxidize 
C) D) 
B) A) 
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metallic Pt(0) to Pt(IV) and Pt(II) (Fig. 9.5A). After annealed at 300 oC, PtRuCox-300, 
the proportion of metallic Pt(0) increase from 38.4% to 45.2% without change in the 
Pt:Ru ratio. With further increase of the annealing temperature to 450 oC, metallic 
Pt(0) increased to 50.1%, which might because of the segregation of Pt to the surface 
and the reduction of Pt oxides. Similar trend were also observed for Ru(0), Ru (II) and 
Ru (IV) (hydrate) species on the PtRuCox after the annealing (Fig. 9.5B). A 
significantly decrease of Ru(0) and increase of Ru(IV) indicate the formation of RuO2 
after PtRuCo was dealloyed in HNO3 solution. Annealing treatment under argon 
atmosphere reduces the ruthenium oxides and increases the metallic Ru(0) species 
from 6% for PtRuCox to 50.8% for PtRuCox-450. The BE values and element 
distribution of the catalysts are summarized in Table 9.2. 
Table 9.2. Relative concentration and binding energy of Pt and Ru species and the Pt/Ru composition 
ratios obtained from XPS and ICP analysis of PtRuCo, PtRuCox, PtRuCox-300 and PtRuCox-450. 
Species Relative concentration (%) PtRuCo PtRuCox PtRuCox-300 PtRuCox-450 
Pt(0) 45.2 38.4 45.2 50.1 
Pt(II) 32.8 33.7 30.6 36.5 
Pt(IV) 22.0 27.9 24.2 13.4 
Ru(0) 28.3 6.6 32.2 50.8 
Ru(IV) 40.9 59.1 42.6 29.6 
Ru(IV) (hydrate) 30.8 34.3 25.2 19.6 
  Binding energy (eV) 
 
Pt4f5/2 74.9 75.4 74.9 75.0 
Pt4f7/2 71.6 72.3 71.6 71.6 
Ru3p3/2 463.4 464.4 464.6 462.5 
Ru 3p1/2 485.9 486.9 486.2 485.0 
Pt:Ru:Co ratio (XPS) 1:1.15:0.27 1:0.56:0 1:0.56:0 1:1.01:0 
Pt:Ru:Co ratio (ICP) 1:0.98:1.05 1:0.97:0.48 1:0.97:0.48 1:0.97:0.48 
The composition of PtRuCo and PtRuCox annealed at different temperatures was 
analyzed by ICP and XPS. The Pt:Ru:Co ratio of PtRuCo alloy NPs is 1:0.98:1.05 
based on the ICP analysis, which is close to the targeted PtRuCo ratio of 1:1:1. This 
indicates the facile synthesis method of the self-assembly of multi-component Pt, Ru, 
Co precursor compositions onto the PEI functionalized CNTs. However, the XPS  
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Figure 9.5. Peak deconvolution of A) Pt 4f, B) Ru 3p for PtRuCo, PtRuCox, PtRuCox-300, PtRuCox-
450 from the XPS measurement. 
analysis shows that the PtRuCo alloy NPs have a composition of Pt:Ru:Co = 
1:1.15:0.27, very different from 1:0.98:1.05 of the ICP data in terms of the cobalt 
content. The significant difference in the atomic ratio of ICP and XPS data indicates 
that the XPS data obtained from photon energy of 1450 eV could be regard as near-
surface composition.52-55 This indicates the PtRuCo alloy NPs have a PtRu-rich 
surface and Co-rich core. After dealloying treatment, no Co was detect by XPS for 
B) 
A) 
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PtRuCox (Fig. 9.4D), indicating the chemical dealloying completely leaches out the 
surface base metal Co. The Pt:Ru:Co ratio is 1:0.56:0 from XPS, also very different 
from the 1:0.91:0.48 ratio obtained from ICP. This indicates that PtRuCox NPs may 
be characterized by a Co-free PtRu-skinned shell structure. After annealing the 
PtRuCox at 300 oC, the Pt:Ru:Co ratio is 1:0.56:0 from XPS data, almost the same as 
that obtained from PtRuCox. In the case of PtRuCox-450, the Pt:Ru:Co ratio changed 
to 1:1.01:0 based on the XPS data, indicating surface restructuring of PtRuCox NPs 
annealed at 450 oC. The XPS and ICP results indicate that subsequent dealloying and 
annealing treatment of PtRuCo alloy NPs would lead to the formation of the core-
shell nanostructures with Co-rich core and PtRu shell. 
In order to prove the core-shell nanostructures with Co-rich core and PtRu shell, 
elemental mapping using EDS coupled with STEM were carried out for PtRuCo-450. 
Fig. 9.6 shows the HAADF/STEM images and EDS elemental mapping of Pt, Ru and 
Co of NPs supported on CNTs. Fig. 9.6 A demenstarated that all three elements, Pt, 
Ru and Co, were detected for all the particles and the Pt, Ru and Co distributions are 
overlapped together. No single element particle was observed demonstrating 
homogenous alloy particles were form. The PtRuCo alloy particles are further 
explored by the elemental mapping and line scan of single PtRuCo nanoparticle. Fig. 
9.6 B shows one typical PtRuCo NPs for PtRuCox-450. The distribution areas of Pt 
and Ru are similar to the size of PtRuCo NPs, while the distribution of Co is small 
than the particle size and the Co is enriched in the core of the particles. The line scan 
profile (Fig. 9.6 B inserted) intensity indicate that Pt and Ru follows the same trend, 
however, the higher intensity of Co only observed at the core of the PtRuCo 
nanoparticle. These results directly demonstrate that the PtRuCo form a ～1 nm thick 
Co free PtRu shell and a Co rich PtRuCo core. 
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Figure 9.6. The HAADF-STEM-EDS mapping images of PtRuCox-450 particles. 
9.3.2 Electrochemical surface area and CO stripping 
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Figure 9.7. Cyclic voltammograms of A) PtRuCo, PtRuCox, and PtRuCox-T, B) Comparison of 
PtRuCo and PtRuCox annealed at 450 oC in N2-saturated 0.5 M H2SO4 solution. The scan rate was 0.05 
V s-1. 
The electrochemical surface area (ESA) of the obtained catalyst were calculated 
through the area of the hydrogen adsorption and desorption peak after correcting for 
the double layer charging current from the CVs measured in 0.5 M H2SO4 solutions, 
and the results are shown in Fig. 9.7. The calculated ESA is given in Table 9.2. 
Dealloying of PtRuCo alloy NPs can significantly increase the ESA for the catalysts. 
B) A) 
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As shown in Fig. 9.7 and Table 9.2, the ESA of PtRuCox is 110.5 m2 g-1Pt, which is 
about 1.8 times larger than that of PtRuCo alloy NPs (ESA=60.5 m2 g-1Pt). Dealloying 
of less noble metal Co can expose the underneath Pt to the surface which lead to the 
increased ESA. The depletion of surface cobalt elements of PtRuCox is consistent 
with the TEM, XRD and XPS results. After annealing at 200 oC for 1 h, the ESA 
slightly decreased to 106 m2 g-1Pt. When the annealing temperature was increased to 
300 oC, the ESA was dramatically reduced to 70 m2 g-1Pt most likely due to the 
aggregation of small nanoclusters and the formation of nanodendrites (Fig. 9.2 C). In 
the case of PtRuCox annealed at 450 oC, PtRuCox-450, ESA is 63.9 m2 g-1Pt, which is 
slightly higher than 60.5 m2 g-1Pt of the original PtRuCo NPs. However, direct 
annealing of PtRuCo alloy NPs without the dealloying treatment will result in the 
substantial decrease in the ESA. As shown in Fig. 9.7B, the ESA of PtRuCo alloy 
NPs annealed at 450oC is 53.1 m2 g-1Pt, lower than 63.9 m2 g-1Pt obtained on PtRuCox 
dealloyed NPs annealed at 450oC.  
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Figure 9.8. CO-stripping of PtRuCo, PtRuCox, and PtRuCox-T, measured in CO saturated 0.5 M 
H2SO4 solution at a scan rate of 0.05 V s-1.  
Fig. 9.8 is the CO-stripping curves of PtRuCo, PtRuCox and PtRuCox-T, measured in 
CO saturated 0.5 M H2SO4. For the CO oxidation reaction, PtRuCo shows a sharp 
oxidation peak at 0.604 V and an onset potential at 0.522 V. Both the onset and peak 
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potentials are negatively shifted to 0.4 V and 0.684 V on PtRuCox, indicated the 
increased activity of the PtRuCox for CO oxidation, as compared to PtRuCo alloy 
catalysts. Annealing of PtRuCox at 200 oC did not change the onset and peak 
potentials for the CO oxidation. However, for the reaction on PtRuCox annealed at 
450 oC, PtRuCox-450, there is a significant negative shift of the onset and peak 
potentials to 0.28 V and 0.42 V, respectively, indicating the significantly enhanced 
electrocatalystic activity of the PtRuCox-450 for the CO oxidation. Ochal et al. 
proposed that the CO stripping voltammetry can be used as a diagnostic tool for 
determination of surface composition of PtRu NPs, and their results show the CO 
oxidation on PtRu (1:1) alloy NPs started at 0.31 V with peak potential at ~0.65 V, 
while for PtRu core-shell structure, the onset potential for CO oxidation was observed 
at 0.28 V with the peak potential at ~0.4 V,35 in excellent agreement with the CO 
stripping results on the PtRuCox-450 catalysts of this study. The CO oxidation 
behavior observed on PtRuCox-450 is similar with the result reported for PtRu core-
shell structured electrocatalysts,35, 45, 56 which indirectly demonstrate the formation of 
PtRu-rich skin on the surface of PtRuCox-450 NPs, consistent with the HAADF-
STEM-EDS results. 
9.3.3 Methanol oxidation reaction  
Fig. 9.9 is the cyclic voltammetry for the MOR on PtRuCo, PtRuCox and PtRuCox-T 
and PtRuCo-450 measured in 0.5 M H2SO4 + 1.0 M CH3OH solution. The Pt loading 
was 0.01 mg cm-2. The PtRuCo, PtRuCox and PtRuCox-450 and PtRuCo-450 show 
the typical polarization curves for MOR.5, 57-59 The peak current density of the 
forward scan indicates the electrocatalystic activity of the catalysts for the MOR. 
PtRuCo alloy NPs catalysts show the peak current density of 360 A g-1Pt at 0.65 V and 
onset potential of 0.3 V. After dealloying, PtRuCox NPs catalysts show the peak 
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current density of 608 A g-1Pt at 0.65 V, which is 1.7 times of that before dealloying. 
The onset potential for MOR is 0.22 V, 80 mV lower than of PtRuCo. The 
electroactivity is further improved after annealing and the electrocatalystic activity of 
the PtRuCox increases with the annealing temperature with the optimum results 
achieved for the PtRuCox annealed at 450oC (Fig. 9.8B). For the MOR on PtRuCox-
450, the peak current density at 0.63 V is 1017 A g-1Pt and the onset potential is 0.22 
V. The electrocatalystic activity of PtRuCox-450 is 2.8 times of PtRuCo and 1.7 times 
of PtRuCox, despite the fact that the ESA of PtRuCox is 110.5 m2 g-1Pt, higher than 
63.9 m2 g-1Pt of PtRuCox-450. The peak current density for the reaction on PtRuCo-
450 is 809 A g-1Pt, also higher than that of PtRuCox electrocatalysts. This indicates 
that the PtRu skinned PtRuCo core structure obtained by successive dealloying and 
annealing can significantly enhances the electrocatalytic activity for MOR.  
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Figure 9.9. (A) cyclic voltammetric curves of the methanol oxidation reaction on PtRuCo, PtRuCox, 
PtRuCox-450 and PtRuCo-450 in an N2-saturated 0.5 M H2SO4 + 1.0 M CH3OH solution with the 
scanning rate of 0.05 V s-1, and B) the change of peak forward current density of catalysts treated at 
different conditions. 
The superior activity of PtRuCox annealed at 450 oC, PtRuCox-450 was further 
confirmed by the chronoamperometry (CA) data recorded in a 0.5 M H2SO4 + 1.0 M 
CH3OH solution at a constant potential of 0.6 and 0.4 V at room temperature for a 
A) B) 
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period of 5000 s (Fig. 9.10). For comparison, the activity of a commercial PtRu/C 
(60% PtRu, Alfa Aesar) was also tested. The oxidation current decreased 
continuously for all the catalysts studied due to the poisoning of intermediate species, 
such as COads, CH3OHads, COOHads, and CHOads formed during the MOR.60 For the 
reaction measured at 0.6 V (Fig. 9.10A), the current density drops dramatically from 
354 A g-1Pt to 37 A g-1Pt after polarized for 5000 s in the case of PtRuCo. After 
dealloying, the stability of the PtRuCox is slightly improved, reaching 96 A g-1Pt at the 
end of the test. The best performance was obtained on PtRuCox NPs catalysts 
annealed at 450 oC, PtRuCox-450. After polarization at 0.6 V for 5000 s, the current 
density is 234 A g-1Pt, 1.6 times higher of 145 A g-1Pt measured on conventional 
PtRu/C catalysts. Similar stability behavior was also observed for the electrocatalysts 
polarized under 0.4 V (Fig. 9.10B), a more realistic potential for the practical 
application of electrocatalysts for methanol fuel cells.2, 61-62 After 5000 s polarization, 
the current density for PtRuCox-450 is 40 A g-1Pt, which is 5 and 2.7 times of PtRuCo 
(8 A g-1Pt) and PtRuCox (15 A g-1Pt), respectively, and 1.6 times of PtRu/C (25 A g-
1
Pt). The superior performance stability of PtRuCox-450 NP catalysts is consistent 
with its high activity for the CO oxidation, as shown in Fig. 9.8.  
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Figure 9.10. Chronoamperometry curves for the MOR reaction on PtRuCo, PtRuCox, PtRuCox-450, 
and PtRu/C, measured in a 0.5 M H2SO4 + 1.0 M CH3OH solution at (A) 0.6 V and (B) 0.4 V for a 
period of 5000 s. 
A) B) 
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The microstructural stability of Pt-based electrocatalysts is a critical parameter for the 
durability of fuel cells. The stability of the PtRuCo, PtRuCox-450 NP catalysts and 
PtRu/C was evaluated by CV within the scan widow of -0.2 to 1.0 V in a 0.5 M 
H2SO4 + 1.0 M CH3OH solution at scan rate of 0.05 V s-1. Fig. 9.11 is the plots of the 
forward peak current density as a function of the number of cycles. In the case of 
conventional PtRu/C, the initial activity for the MOR is very high, 1092 A g-1Pt, but 
decreases rather rapidly with the polarization cycle. After ~1000 cycles, the current 
density drops to 273 A g-1Pt, only 25% of the initial peak current density, indicating 
the poor structural stability of the conventional PtRu/C catalysts. The PtRuCo alloy 
catalysts show significantly better stability as compared with the conventional PtRu/C 
catalysts, the activity is reduced to 49% of the original activity after 1000 cycles. The 
PtRuCox annealed at 450oC, PtRuCox-450, shows excellent structural stability. After 
1000 cycles, the anodic peak current is 821 A g-1Pt, ~74% of the initial value and 
substantially higher than 192 A g-1Pt and 273 A g-1Pt obtained on PtRuCo and PtRu/C 
catalysts, respectively. The significant enhancement of microstructural stability of 
PtRuCox-450 electrocatalysts is most likely related to the specific Co rich PtRuCo-
core and PtRu skinned shell structures, achieved by the subsequent dealloying and 
annealing treatment. This is consistent with the observation reported by Wang et. al 
that long-term cycling does not change the microstructure of PtNi alloy for oxygen 
reduction after successive dealloying and annealing treatment.32 Wang et al also 
demonstrated that annealing Pt3Co NPs at 400 or 700 oC resulted in the ordered Pt3Co 
intermetallic cores with a 2-3 atomic-layer-thick platinum shell, and this structure 
show superior stability for oxygen reduction.50 The interaction or bonding between 
the Pt NPs and CNTs may also play an important role in the electrocatalytic activity 
and stability of CNTs supported Pt-based NPs. Zhou et al. investigated the interaction 
between Pt NPs and CNTs using X-ray absorption near edge structures (XAENES).63 
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They showed that the crystalline Pt NPs interact with CNTs through synergic binding 
involving charge redistribution between C2p-derived states and Pt5d bands due to the 
presence of unsaturation in the graphene sheets (delocalized  orbitals). Such bonding 
scheme would facilitate the uniform dispersion and immobilization of Pt-based NPs 
on the CNT surface, which would prevent lateral diffusion of Pt NPs under fuel cell 
operating conditions. 
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Figure 9.11. Plots of forward peak current density for the MOR on PtRuCo, PtRuCox-450 and PtRu/C 
electrocatalysts measured in 0.5 M H2SO4 + 1.0 M CH3OH solution at the scan rate of 0.05 V s-1.  
 
Figure 9.12. Schematic of Co core PtRu shell formation after successive dealloying and annealing of 
PtRuCo alloy NPs assembled on CNTs. The black box indicate the ratio of Pt:Ru:Co.  
The significant difference in the atomic ratio of PtRuCo and PtRuCox annealed at 
different temperatures as analyzed by ICP and XPS, and the HAADF-STEM-EDS 
mapping of PtRuCox-450 demenstrated the formation of Co-rich PtRuCo core PtRu-
rich shell structure after sequential dealloying and annealing process. The 
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composition of Pt:Ru:Co = 1:1.15:0.27 from the XPS analysis for the PtRuCo alloy 
NPs assembled on the CNTs indicate that cobalt precursor, Co2+ may have a high 
affinity for the self-assembly on PEI-functionalized CNTs, probably due to its small 
ionic size as compared to PtCl62- and Ru2+. Dealloying treatment of PtRuCo in HNO3 
acid would leach Co from the surface layer, leaving the PtRuCox NPs with a Pt-rich 
PtRu shell with Pt:Ru ratio of 1:0.56. The deviation of the PtRu ratio from 1:1 may 
explain the relatively low activity of PtRuCox as compared to that after the annealing 
(Fig. 9.10B). Annealing at 450oC would lead the segregation and rearrangement of 
PtRu surface layer, demenstrated by the formation of ～1 nm thick PtRu shell with 
Pt:Ru ratio of 1:1 (see Fig. 9.6 and Table 9.2). Fig. 9.12 shows schematically the 
formation of Co-rich PtRuCo core and PtRu-rich shell structured PtRuCox NPs 
supported on CNTs using combined dealloying and annealing treatment. The core-
shell PtRuCox NPs electrocatalysts not only show significantly enhanced 
electrocatalytic activity, but also improved CO-tolerance and structural durability for 
MOR. 
9.4 Conclusion 
In summary, PtRuCox alloy NPs were successfully and homogenously dispersed on 
PEI functionalized CNTs with targeted PtRuCo atomic ratio through in situ self-
assembly and reduction of multi-component Pt, Ru and Co precursor assisted by 
microwave irradiation. Subsequent dealloying and annealing treatment led to the 
formation of core-shell structured PtRuCox NPs catalysts with Co-rich PtRuCo core 
and PtRu-rich shell. The obtained catalysts show significantly enhanced activity and 
stability for MOR and the best activity were obtained on PtRuCox annealed at 450oC, 
PtRuCox-450. The PtRuCox-450 catalysts exhibit almost 300% increase in the mass 
activity for MOR as compared to PtRuCo. The PtRuCox-450 also shows high activity 
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and excellent durability, as compared with the conventional PtRu/C catalysts. The 
specific formed Co-rich PtRuCo core and PtRu-rich shell structure could contribute to 
the substantially enhanced activity and excellent structural stability of the ternary 
PtRuCox for DMFCs. 
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Chapter 10: Conclusions and 
Recommendations 
10.1 Conclusions 
This thesis includes a series of studies on the electrochemical property of CNTs, and 
developed different types of CNTs hybrids for water splitting and fuel cells. The 
thesis consists of two main parts (water splitting and fuel cells) and the conclusions 
can be made as follow: 
1) CNTs with 2-7 concentric tubes or walls show significantly better activity for H2 
evolution, O2 evolution and O2 reduction reactions, as compared to typical single-
walled and multi-walled CNTs. Such activity is related to the effect of inner tubes of 
CNTs rather than the surface active sites. The much better activity of CNTs with 2-7 
walls is most likely due to the separation of functionality of outer wall and inner tubes 
and the fast electron transfer between the outer wall and inner tube through electron 
tunneling. For SWNTs, such separation of functionality is not possible, while 
effective separation or dual functionality of the CNTs diminishes as the number of 
walls increases due to the reduced driven forces across the walls or layers of MWNTs.  
2) The kinetics and mechanisms of OER on CNTs were studied and the CNTs 
composed of 2-7 concentric tubes and with an OD of 2-5 nm show significantly 
higher kinetics for OER. The activity of the CNTs for OER is closely related with the 
concentration of OH- groups and is limited by the deprotonation of water. The 
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favorable kinetics for OER on CNTs that composed of between 2-7 concentric tubes 
further support the proposed tunneling effect. 
3) Zn phthalocyanine functionalized CNTs composed of 2-7 concentric tubes show 
significantly higher photo-current compared with typical SWNTs and MWNTs due to 
the better electron separation ability resulted from tunneling effect. The findings 
explore an opportunity to develop high efficient photo catalysts for water oxidation. 
4) One-pot synthesis of metal-CNTs hybrids can be a highly efficient, scalable and 
low-cost one-step synthesis method for developing highly active and stable catalysts 
for electrochemical water splitting in alkaline solutions. M-CNTs-Arc with 
NiCo0.16Fe0.34 metal core shows very high activity and superior stability for OER, 
achieving 100 A g-1 at overpotential () of 0.29 V and 500 A g-1 at  = 0.37 V in 1 M 
KOH solution. This is probably the highest activity reported for OER in alkaline 
solutions. 
5) PtRu NPs supported on PEI, AP and in less extent PDDA functionalized CNTs 
exhibit significantly higher electrocatalystic activity and stability for the electro-
oxidation of methanol as compared with PtRu supported on THF-CNTs and 
conventional acid-treated CNTs. The superior activity of PtRu supported on 
functionalized CNTs is most likely due to the strong interaction between the electron 
rich nitrogen-containing functional groups of the functionalization agents such as PEI, 
AP and in less extend PDDA and the PtRu NPs assembled on CNTs.  
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6) The core-shell PtRuCox NPs were prepared through a successive dealloying and 
annealing treatment of PtRuCo alloy particles. The best results were obtained on 
dealloyed PtRuCox NPs annealed at 450 oC, which exhibited a ～1 nm thick PtRu 
shell and Co rich PtRuCo core. The chronoamperometry studies at 0.4 V (vs. 
Ag/AgCl) show that core-shell structured PtRuCox catalysts exhibit a high activity (40 
A g-1pt) and significant tolerance towards CO poisoning for MOR as compared with 
PtRuCo alloy (8 A g-1Pt) and conventional PtRu/C (25 A g-1Pt) electrocatalysts. The 
core-shell structured PtRuCox is also structurally stable, maintaining 74% of the 
activity after 1000 cycle between -0.2 to 1 V (vs. Ag/AgCl), significantly higher than 
49% for PtRuCo alloy catalysts and 25% for PtRu/C catalysts under identical test 
conditions. The substantially enhanced electrocatalytic activity and durability of core-
shell structured PtRuCox indicate great potential to enhance the catalystic properties 
by fine-tuning of the nanoscale architecture. 
10.2 Recommendations 
This thesis focuses on developing CNTs based electrocatalysts for water splitting and 
methanol oxidation. Future works can be devoted into the following area: 
1) Exploring the relationship of inherent properties of CNTs with the electrochemical 
properties of CNTs is needed by employing computational simulation and calculation. 
And it might be usefull to detect the tunneling effect of the CNTs or sudy single 
CNTs using recently developed multi-probe platform based on scanning 
electrochemical cell microscopy.  
2) The excellent electrochemical properties of CNTs do explore an area for 
developing excellent catalysts based on CNTs composed of 2-7 concentric tubes. 
Catalyst such as Pt, Pd was supported onto CNTs composed of 2-7 concentric tubes 
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and show enhanced activity for methanol or ethanol oxidation. Chapter 6 
demonstrated, CNTs composed of 2-7 concentric tubes can be idea candidates to 
develop photo catalysts for water splitting or other applications. Further exploration 
can be invested into developing CNTs hybrids based on CNTs composed of 2-7 
concentric tubes. 
3) The one pot synthesis of metal-CNTs hybrids brings opportunities to develop 
cheap, stable, high active catalysts for water splitting at large scale. Further efforts are 
needed to explore metal-CNTs hybrids through one pot synthesis for energy 
conversion and storage. 
4) Functionalize the CNTs with different agents can not only control the particle size 
and distribution, but also tune the activity and the stability. Therefore, further study 
using theoretical calculation can be invested to explore the relationship between the 
electrocatalytic performances and the polymer structure.  
5) Dealloying and thermal annealing were demonstrated to be an effective method to 
prepare highly active catalysts with superior stability for methanol oxidation. It is 
worthy a shot to apply this strategy to develop catalysts for ethanol oxidation, 
hydrogen evolution etc.   
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